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abstract’ 


this report gives the results of an investigation to 
aetermine those characteristi¢s of flames that sight be 
utilized in the detection of accidental fires ia aircraft 
engine spaces and an evaluation to determine which of these 
aight be used most adVantagesusly in the development of a 
suitable fire detecting system for Air Force service. 


‘gibnough: ta the experimental work, emphasis was placed 
on the measurement of the amount of energy radiated by 
different flames ia various parts of the speetraa and of 
the variations with respect to time (flicker) of these 
quantities, other. Peer never tarda ‘of flames were also 
considered. ae 


Tt wes Godenided * ‘thet the wut reliable fire deinetine 
systen for Air Force service should require both a rapid 
dacrease in the radiaat flux waich accompanies the initiation 
of a fire and the flicker that follows for an indicatioa 
metres ee: the absence of. snes for an indication of 
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PRINGIPLES OF FIRE OETECTION If ATRCRAPY ENGTIIG SPacts 
W. Fe aoeser and . 8. MeCamy 


arpa riage ce 


, The "pheraiaa’ damage and logs of lite seit frou 
accidental fires in aireraft in flight are of sufficient 
laport that uo further justification for taking resedial | 
action is needed. It bas beet demonstrated in flights 
aad ia fire tests wider sialated flight conditions that 
if a fire is detected within a few seconds after its 
iuitiation, it can usually be extinguished without serious 
damage or loss of life. it has also been demonatrated 
that if a fire is not detected or if a false alarm is 
received while an alreraft is in flight, serious conse- 
quences may result. The first step, then, toward keeping 
the losses from aceidental fires low is to obtain oaly 
positive indications of those fires which exist and their 
Locations et the earliest possible someni. 


Fire detecting systems have been used on aircraft for 
a nuaber of years, but they have not been entirely satis- 
factory. from the information that has come to our 
attention, it appears that the 3 principal reasons for 
dissatisfaction with the existing fire detecting systems 
ares (a) false soy | (b) fallure to iadicate fires; 
and (e) leng delay in indicating fire. A considereble amount 
of research has been carried out by the Armed Services, 
the Civil Aeronautics Administration, and private organi- 
tations with the objectives of improving existing systems 
and developing new systems. This research has aot been 
fruitless because some of the more recently devised systeas 
which are sow undergoing “shake<down" tests in airecreft 
are promising and appear to have definite advantages over 
the older systems. Although fire detecting systens opera- 
ting on widely different principles and utilising different 
ehsracteristies of fires have been and still are being 
devised and tried in fire tests simulating flight qondttiaas, 
none of them appears, as yet, to weet satisfactorily all 
the requirements of the Air Foree. 
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The basic purposes of the present iavestigation were: 
(1). to determiag, shone, pPRapeE ti ahs: phacertertektcs. or, 


and fes tations. of flames that aight be utilized in the de- oe 


) €ecties of accideatal Fhsee ta slreratt. elie nacelles or 


ER ; GAAP AE ney 


| ‘ ee) Research and bevadapuitak’ ° 
-. Command the et likely to provide a suitable fire 
gel a lng Ayaka for use in airerart based upon the tecnnsaai” 
feasibility of development, the volume and weight of the 
seen. ey ar pu mat, the speed of response, in detection Of 5 
fives and ia signaling “fire-out" after extinguishment, 


eee 5 the freedom from false, alaras when subjected to the 


- gnviroamental and operational conditioas encountered in ....... 
| Aa Fares a Adnenats in world-wide operations; and .. 


(3) fo report to the Air Research and Development | 
”. Commas 1 any observations or factors found that aight be | 
spipesni ta the aap of ond fire Sesesideaas — | 
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SECTION : 
OPERATING PRINCIPLES OF FIRE DETECTORS 


1.6 Since one of the purposes of the investigation was to recommend 
a method most likely to provide a suitable fire detecting systen, 

a literature review was made to obtain information on (1) the 
advantages and limitations of the various methods that have been 
used and proposed for use in the detection of fires in aircraft 

and (2) the various characteristics and effects of flames. The 
dl covered books, periodicals, patents, and available technical 
reports. : 


The various methods used and proposed for fire detection in 
aireraft have been classified below in accordance with the flame 
characteristic or effect which causes the detector to onerate. 

These have been subdivided further into types of detectors depending 
upon the physical principle utilized in the operation of the detector. 
The extent of coverage provided by the various types of detectors 

is referred to as t or "polat", continuous or “line” or in the 
case of those which monitor all parts of a given space, "space" type. 


A few of the methods described ia the literature were obviously 
impracticable, and have not been listed. %% the other hand, some 
suggested methods aot found in the literature have been included. 


Probably the oldest method of detecting fire depended upon the 

ability of a flame to ignite certain combustible materials, the 

burning of whieh triggered or actuated an alarm. ixamples are the 

burning of a cord which actuates a switch in an electric circuit 

and the burning of a fuse or wiek which initiates a detonation. 

f te es, pues upon this principle have been of the unit type. 
929390538 : 


The ability of a flame to heat an object by contact to a pre- 
determined temperature level or at a rate greater than that encoun- 
tered in normal operation has been used in far more different types 
of fire detectors than any other characteristie of a flame. It 


& Numbers in brackets indicate the references at the end of this 
report Py 


a 
WADC TR 54-307 


‘ ated Io bee old de seonetetar ade 


appears that almost every readily measurable physical property 
of a material that changes slgenificantly with temperature has 
been proposed for use in fire detectors. A number of both unit 
and continuous type detectors operating on this characteristic 
of a flame nave been developed. 


Le@el receatermined Temperature Level 


Detectors: operating upon this general arbre ae actuate an 
alarm when the temperature of a sensitive element is raised to 
some predetermined value which is set by an adjustment of the 
element or is an inherent property of the material composing the 
element. — : : 8 Bee? 

Legelel 


The temperature sensitive element of this type of detector 
consists of 2 materials which have different coefficients of ex- 
pansion. The elements of the 2 materials are so constructed that 

an alarm e¢ircuit is actuated when they are heated to a predeter- 
mined temperature. Some types are provided with an adjustment 

that permits altering the temperature at which the alarm is actuated. 
These devices are ysually relatively gmall, in which case they are 
of the unit type Gis? 3 yged v2 313 tes but they may be elongated 
into a continuous type /5_/. 


1.2.1.2 


In detectors of this type, the temperature sensitive element, 
which actuates the alarm system, consists of a metal, alloy, wax, 
or salt that melts at a temperature which is somewhat higher than 
that attained in normal operation. The melting temperature is an 
inherent property of the material used. Detectors operating on 
this principle may be either of the unit £3,6,38/ or the contiauous 
type 21,2,3,8/. 


Le@ele3 


The temperature sensitive element of detectors of this type 
consists of 2 metallic electrical conductors separated by a there 
mistor type material, the resistance of which changes sigaificantly 
with temperature. The alarm system is actuated when the resistance 
between the < metallic conductors reaches some predetermined value. 
Detectors operating on this principle are usually of the continuous 
TYPE e £5,1 yi i 


fhe temperature sensitive element in detectors of this type 
consists of a liquid, vapor, or a gas in a closed container. The 
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bags syeteu is getumted by the change iu vressure that accompanies 
age in temperature. Detectors af taig TA: Bey be either the 
g ay oF the continuous type One: : _— 


th this: sei cna of - daiatione iis _— ratierd’ wahertave 
axaeiets: would consist of @ thermocouple with one jJanebion expoved 
in the five eres. The- cies Janebion Would be Locetes et a control 
unit where compensation eounld be made for-veriation in the ambient 
temperstuve. The alarm oyatem would be ectueted by tse enenge : 
the out a@ the thermocouple circuit resulting Tram & cuémee in the 
tesversture of the expozcd . junetion. peLeetore operat: Sng on this 
prangipie would } be of the unit type. {39 » 


eet @.1. 6 Curis 1 Pina louper Js 


Detectors. of this twee ‘eid. emiersts ets e beter pens a ive 
sue a Pu yen snetic material with « curie. teuperature négher — 
pare eneountered in normal. operation. “fse Alama 
ree Tee be. eigaeen py the change in the magnetic’ permeability 
on the forruuggagtic moterial,waen 16 ig. heated er Beolge terough 
aft uric _ temperature. beetors operating on thie’; n@iple could 
ituer the unit aka or the continuous type a7. 


he telig mates.’ SeuS2 abave, pees Gs this type of detechor would 
be 2 petalite ee nee rae oy Fe come (48. be ae state ao 


tin zo port it Would peed: me 2. ee electrolyte ond wita, 
ectrodes would Soma S. galvanic Gell....dn.alara systesqould se 
actusted By $he Veety. ‘it siigat be either of toe ondt or cant inucus 

ty = Cpa a5 “‘pessible thet & ee Operat i Oh tis pringiple 
genie not’ siebaniie wa ‘ether power supply. /3//. 
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1.20201 Thermoelectric 


_ The temperature seasitive element of this fire-detecting 
system consists of a number of thermocouples connected in series. 
Qae junction of each thermocouple is ee in the fire area 
while the other is thermally lagged. if the rate of temperature 
rise is relatively slow, as in sormal operations, the temperature 
@ifference between the < sets of junetions is act great enough to 
generate an — emf, but if flames contact the exposed set 
of junctions, the temperature difference between the 2 sets of 
Junctions becomes great enough to generate sufficient enf in the 
thermoelectric circuit to actuate an alarm, Ostectors operating 
on this principle are of the uit type. (£5,6,12,13,19/ 


Le2ede2 5 in 1S 


The temperature sensitive element ef detectors of this type 
consists of air in a systea that is closed except for a restricted 
ope: » During normal rates of heating, the expanding air escapes 
through the restricted opening without building up a very great 
pressure, whereas an abnormaliy Bigh rate of heating will generate 
sufficient pressure in the system to actuate an alarm. _Uetectors 
operating on ey 9 7 ean may be of either the unit / 9/ or 
eoatinuous type Z o/- | 


Le2 efe3 a2 eras i EE eats a Eke "3 € 39 (J F g 


| fhe differential thermal expansion type of fire detectors, 
mentioned in section leéel.l, can be made to operate also upon the 
rate of temperature rise by thermally lagging one of the materiais 
composing the temperature sensitive element. im general, detectors 
of this type operate on elther the temperature level] or the rate of 
temperature rise. They may be either of the unit £1,6,12,13,2 
or the continuous type fe 


1e20254 Ble 


The temperature sensitive element of this type of fire cetector 
would consist of < Tesistors with an appreciable temperature ¢o- 
efficient of resistance, connected in a bridge circuit. “se resistor 
would be exposed in the fire area and the other would be thermally 
lagged. An abnormally rapid rate of temperature rise in the fire 
— would unbalance the bridge circuit sufficiently to actuate an 
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All the differeat types of detectors mentioned in the preceding 
sections were of the unit of continuous type and depended upon the 
flame contacting an element. A detector operated by the energy 
radiated by a fli has a definite advantage in that a single unit 
¢an monitor a relatively large space. Although a11 flames radiate 
euergy, this characteristic of a flame has not been utilized, uatil 
rélatively recently, in fire=-detecting systems on sireraft, primarily 
because of the difficulty in distinguishing the energy emitted by 
the flames from that by the background. fhe characteristics of the 

Padiant energy emitted by flases are grouped into the following 
categories. 


Qne method of detecting the presence of a flame in a given 


space would be to utilize the quantity of the radiant flux, received 
by @ detector viewing the space. The detector could be made to re- 
Spond to the radiant energy in selected wavelength bands by providing 
4% with suitable filters. ‘ne type of detector that bas been pro- 
posed respouds only to the radiant energy at wavelengths less than 
O29 micron, a range in which there would be ao solar or background 
radiation. J£<,23,24/.. Another type of detector which has been pro- 
posed would be highly responsive to the radiant energy between 4 and 
sees where the strong C5> emission band of hydrocarbon flames 
PGALSUSe 


1.32 Sate of chanse in Sediest su 


Since an accidental fire in aa aircraft engine compartacst breaks 
out almost iustantly, there is a very rapid inerease in the quantity 
of the radiant flux from the space in which the fire starts. The 
rate of increases in the radiant flux received by a detector viewing 
this space could be used to actumte an alara. it would be neggssary 
to adjust the cirenitry so that a false alarm would not be gi.en by 
the slower rate of increase in the radiant flux from the engine parts. 
4S meatioued in the previous section, it might be advantageous to 
atilize the radiant energy iu<selected waveleagth regions ila order 
to facilitate in distinguishi.g between the radiant energy froa a 
fire and that from the background. 


16303. saci st ann pee Bik, m4 Sah Si es io iy 2 vave BS Vi) ee LV OS 
fhe spectral distribution of the radiant energy from a flame is, 
in some rb te differeat from that of a continuous radiator. A 


‘ire detector ch utilizes the ratio of radiant iatensities_of + 
flame in 2 selected wavelength intervals has been proposed. f12,1 
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: The radiant flux emitted by a flame depends upon such 
factors as its temperature, its size, its sovements, the desree 
of aeration, etc., which vary rapidly and to some extent peri- 
odically with time. Although the radiant flux from the back- 
ground in aa alreraft eugine compartment also varies with tiue, 
at is usually at a mach lower rate and aon<-perlodic. Thus, a 
device that will respond only to the rapid, periodic variations 
an the radiant flux from flames should distinguish between the 
radiation from flames ang that from the backsround. 


Le3e4el PLickey 


ome method of detecting the periodic “flicker” of flames 
utilizes photosensitive detectors and filter cireults. A con- 
siderable degree of success has begn attained with such de~ 
tecting systems. 4,5,25,26,27 2% 


Som flames have a tendency to oscillate or waver fron 
side to side. A photeelectric device claimed to respond either 
to tails effector to flicker, has been proposed as a fire 
cetector. Zz : 


o@ PRUE AL Bp OR A ae fo ee hake 


_ #8 abnormally high ionization exists in the reaction zones 
iA pei ag oly vs flames. This flame characteristic hes been 
utilized in Gevices for monitoring the presence of pilot lights 
im boilers and has been proposed as an onreraticnsal principle 
for fire cetectors. 


1le¥el Flew Conduetivit: 


If sufficiently separated in air, ac current wili flow be- 
tween two electrodes with a potential difference between them, 
but if a flame contacts both electrodes a current will flow 
Siace the products in the reaetion gone of the flame are ionized. 
This electrie current mazy be utilized te actuate an alarm. /1,29/. 


Letted el pie etd F LGR. tion 


tf @ 


When @ flame contacts two electrodes of unequal area, the 
electric current will flow more readily in one direction than 
the other. this principle, with suitable electrodeg and cir- 
sultry, has been used in the detection of flames. /2,3,13,30,31/. 
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satisfactory in many respects, there ia no assurance thet the flames 
Will alwaye contact the temperature sensitive element. ‘This limit- 
tation is not encountered with detecting systems which depend upon 
the vadiant enerzy from the flames for their operation, In addi 
limited testa with systems which depend upon the radiant energy ine 
gicete that they aenaind ents senaii rapidly than those which depend 
upon flame contact. Consequently, the major part of the present 
work wag devoted te studies of the radiant energy from flames. 
However, sone study was made of the contact heating attecte, by 
flames and the ionigetion in figmes. 


In addition to the above studies of flame effects, a few ex- 
periments vere performed to ootain the information necessary to 
evaluate properiy some of the Prepnned fire detecting systeua. 
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SUCTION ITZ 
RADIATION EFFECTS 


3-0 The differences in color observed in various flames and 
in the different parts of the same flame indicate, to some 
exteat, the variations in the spectrel aature of the energy 
Yadlated by flames. Similar variations in the spectral nature 
of the energy radiated alse occur in the infrared portion of 
the spectrum whieh includes, by far, the aajor portion of the 
energy radiated by hydrocarbon flames. Uecause of these varia- 
tions it is aot possible to assiga, aceurately, any one value 
to the amount of energy radiated by a Plame in any particular 
part of the spectrum. owever, since we were ecoucerned here 
with the detection of accidental fires, it appeared advisable 
to establish the range over which the amowit of energy radiated 
in Various parts of the spectrum gight vary. 


The flames produced by burning fuel of any given type 
radiate selectively in certain wevelength bands which are 
determined by the composition ef the fuel. Ginece most of the 
fuels that constitute a fire hazard in aireraft engine com= 
partuents are basically hyirocarboas, they will produce flames 
that have the same general radiation characteristics aa eny 
other hydrocarbon flame. The wavelength bands in which shydro- 


@arbon flames radiate selectively are gost readily detersined 


eee flames in which complete combustion takes 
Places ee ane 


& typical emission spectrum of a non-luninous bunsen flame 
is‘shown in Fige 1. The strongest emission band at around 4.4 
mierons is due to the emission by carbon Gioxide molecules. 

The next most pronounced band at around 2.0 microns is attriba- 
ted largely to carbon dioxide gad to some extent to water vapor. 
There are other small tands sear 0.95, 1.45 and 2. microns. 
Although emission bands and lines heve been observed at wavelentis 
eut to 20 microns and beyond, most of the energy emitted by such 
flames is at wavelengths less than 7 microas 17. | 


There are also emission bands and lines ia the ultraviolet 


” and visible portions of the spectrum. uce the relative wagni- 


tude of these are sot sufficiently great to show on the seale 
used in Mig. 1, they are he ge palin ell ge stag ge in Fige de 
fhe similarity among the emission spectra for 3 different hydro- 
earbon fvels is shown here. It is seen that flames of this type 
emit a small amount of radiant energy at wavelengths less thaa 
6.29 micron. The rediation from flames in this wavelength region 
has been of particular interest in flame detection because 
practically all of the radiant energy from the sun below 0.29 
micron is absorbed in the upper atwosphere of the earth. 
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fhe flame reaction products to which the respective emission 
bands are attributed are showa in the figure. ithe relative 
streagth of the Cll band at abowt 0.431 micron, compared to that 
of the bands at longer wavelengths, accouats for the blue color 
ns hydrocarbon flames in which nearly complete combustion takes 
place. ae: : | 


In order to have nearly complete combustion, the condition 
under which the above mentioned emission bands are most readily 
observed, it is necessary to premix the fuel and air. Such flanes 
are Called “premixed flames". If a flame is formed by air supplied 
to the fuel by diffusion and mixing with the surrounding atmosphere, 
the flame is called a “diffusion flame". Diffusion flames have 
received much less attention than premixed flaues in fundamental 
research, despite the fact that diffusion flames are sore fre- 
quently used industrially aad are the more comuon in accidental 
fires. The primary ressen for this lack of interest in the study 
of Giffusion flawes is that they are extremely variable and, greatly 
influenced by uncontrollable factors which make it difficult to 
measure, accurately, any fusdamental property of the flame. 


The rate of mixing off the fuel and air in the reaction zone 
of diffusion flames is iasufficient to preveat the formation 
ef free carbon particles whies, being heated in the flame, emit 
radiant yak < f The spectral distribution of the energy radiated 
by these particles is slmilar to that of aay other solid in that 
it is continuous in nature aad depends upon the temperature. (Gee 
blackbody curves in Figs 1 and 16) The radiant exergy from the 
characteristie:flane emission bands, particularly those in the 
visible aad ultraviolet parts of the spectrum, is almost, if ast 
entirely, obscured by the radiant energy from aad the scattering 
by the carbon particles. ‘thus, the color of diffusion flanes 
appears red, orange or yellow. 


; Unless provisions are aude for obtaining nearly complete com- 
bustion, part of a flame may have the characteristics of a pre- 
mixed flame while another part of the same flame may have the 
vharacteristics of a diffusion flame. ‘Thus, one part of a 

flame may be blue while another part is yellow or orange. 
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it was poiated out in the preceding section that the rate 
at which energy is radiated by a flame in any part of the 
Spectrum varies greatly with the burner design and the degree 
ef seratioa of the flame; and, in general, it varies from one 
part of a flame to another. Information on the magnitude of 
these variations are essential to the design and development 
of any fire detecting system utilizing the rate of enerzy 
emission because, for any detecting system to be practical, it 
must detect the fire thet gives the weakest signal and yet, 
not be made inoperative by the fire that gives the greatest 
Signal. Kealiging that the rate of enercy emission from some 
flames might be very low, it was decided to measure the rate 
of eaergy emission over relatively wide wavelength bands 
because 1t was felt that sufficient energy to operate a 
practical device for use o2 aircraft wight aot be emitted in 
& nerrow wavelength band. As a consequence, no attempt was 
ssa so aint iam the detalled emission spectrum of any parti-~ 
cular iiame. 


The characteristic spectral emission curve for 4 bunsen 
flame, ay in Fig. 2 Aare composite of the eurves given by 
Plyler Z and Gaydon £39/. ‘he fine structure reported by 
Flyler has been omitted. Also given in Pig. 1 are transmittance 
¢urves for calciua fluoride (F), fused silica (quartz) (¢), 
and pyrex (PF) windows or lenses, approximately 5 ma thick. 
Practically all the energy radiated by the flame is within 
the region in whieh calcium fluoride hes a high transmission. 
The transmission limits of quarte aad syrex are at about 3.6 
and 2.6 microns, respectively. Thus, with these 3 commercially 
available materials, the radiant energy out to about 10 microns 
(the approximate transmission limit of caleium fluoride) can 
be determined in 3 wide wavelength tands. Also given in Fig. i 
is the spectral emission curve for a blackbody at 2200°%. it 
will be pointed out later that this curve, with the possible 
exception of the dotted parts, will approximate the spectral 
egissioa from a diffusion fleme. 


| it should be pointed out that the radiance values, shows 
in Fig. 1 are relative and have been adjusted so that the 
maximun value of each curve is unity. The absolute values of 
the maxima for the two curves might be quite different. 

Ginee some fire detecting systems which operate on rele~ 
tively narrow spectral bands in the wavelength resion below 
2.5 microns have been proposed studies were aide on five 
contiguous wavelength bands ia this region. 
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binee the fundamental emission characteristics of all 
hyGrocarbon flages appear to be essentially the same and since 
gas flawes ean be esuvendently adjusted to provide 4ifferent 
-ypes of flames, two matural gas burners were used in the 
gevelopaent of the methode of instrumentation. “ne was an 
ordinary bunsen burner. The other, shown at A in Pige 4, cone 
sisted of a long vertical pipe with a burner tip, 1 13/15 inches 
in diameter, an air biower, ac adjustable sresixer, anc flow 
weters for both gas and air. 


two ran-jet type burners of rectangular cross-section were 
used 4 provide premixed flames from liquid fuels. det burner 
HOe 1 Waa 2 ins wide ani 3 ia. nigh with @ Sorlgontel flags 
holder at aid-height. Jet burner Yo. 2 vas 4+ in. wide axd 
2.5 4%. Sigh with e vertical flaws holder at ald-widtn. Yacili-~ 
ties were available for bursiag various preheated howozenesus . 
mixtures of different fuels and air and for injecting liquid 
fuel into preheated air. the fuels used in the jet bursers 
were JO octane gagoline, 100/130 aviation gasoline, and JP-4 

aagine fuel. The following ranges of operating coaditioas 
wore obtained: — ai : 


Suel-air ratio ---- 0.045 te G.1lll | 
Rate of Fuel Consumption ---~ 2.0 to 6.6 lb/mia 
Preaixture Tesperature ---- 291° ta 409°F 
Premlature Velocity ---- 133 te 397 ft/sec 


Spek conteloert were used 25 Burners to obtain diffusion 
flames froa the Yerious liquid fuele. A sectional drewine of 
the burner uged in aost of the work is show: in Sig. 3. ‘the 
side walls and the baffle plate were of 1/16 in. staialess 
steel. The liquid fuel was introduced through an inlet in the 
water cooled brass bottom. The liquid level wae automatically 
malateined at a level about 0.5 ime frou the top. ‘tne fuels 
used in this burner were 60 octane gasoline, 100/130 aviatica 
gasoline, nome 1010 and1100 lubricating oi1, and petroleun 
mse nuydraulie fluid, Mil. Spec. 6-§606. A 36 ine fan was 
uged to produce air spesds up to <0 wph at the burner. 


Some neasurencats were wade on large diffusion flames 
produced by igaiting ope sehian of gasoline wales had been 


poured inte a shallow 4 ft square conerete pit. : 
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FIG.3 SECTION OF 6" DIA.WATER COOLED 
CONSTANT LEVEL BURNER 


FIG. 4 LABORATORY APPARATUS FOR FLAME RADIOMETRY 


tot wavelength regies 

aver oy parm deular’ ease vas fixea uy the leas or window 
Sierink were” ealeian uaride, quarts, oF pyrex she traue- 
altteace carves af tae 3 woteria iais weed eve scorn iu Piss i 
aad 16. The affective vevelengts eataff (,) ‘for encl: material 
Grae Gal antantated trem (he treadalscanes Saves at the 
Pe@iest enercy Gistributies of « bimexbody rediator at various 
comperatures., This wae Gene by setting — 


Ne 
bo a® @r.8. *a ad 
a AA iF » ries 
ant tetoralaing Xe + Is the above equation 
| A de the waveleagth. 


aa a io tae Semel i aoe tie Diseebody. 
was y anu t tenes. 


) tit for the quarts 
at 3 9 3075 Sicrons at Lo0e , 
apis fove 8: 5 sleraas at 300°F to'2.61 elersas 
) G£fectl vagth euteffs of these sateriais 
; ay Irs flames can be deteraines only if 
the spectral emission curve is kuowae ‘“owever, for gost flawes, 
‘4% would aot be very differest from the values givea abeve. 


& _From calibrations with » blackbody rediater and the traas- 
ttasce fuz fous thet toe receiver developed 2.°5 
ea ~steradiaa) radiated by the black 


a3 ould bs Geterataedy Unis value waa. 12~ 
ABA Geasity. ices the rate of exergy eniesioa frea 
the fies S wubied With Adun bees: wecquae of the fluctwatiag satare 
flases » the output of the reeaiver was automatically recorded 
for ote secoads. in the case of the diffusion flames ia 
walen the fluctuations were greater than those of the prealaes 
» thle process was repeated at « differest time. Sach 
Sales Aroentes, Neveia is the average value doterained fron these 
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Beletee Sppctroradiovctry Prom 0.235 to 2.5 Serons 


tne experimental work on the rate of emission from the 
various flames iu 5 different wavelength regions from 0.235 
to 2e5 microns was carried out with a multiple purpose optical 
and electrical system designed and csnstructed for this parti- 
cular works 4 block diegran of this system, which way be de- 
Signated as a recording abridged spectroradiometer or a radiation 
analyzer, is shown in Fig. 5. The principal component of the 
systen was the receiver which comprised the detectors and the 
optical filters te isolate the wavelength: regions. A froat 
view of the receiver is shown at B in Mic. 4% and 2» rear view of 
the interior of the receiver is shown in Pig. 6 The enclosure 
of the recelver wae “light tight" except for the > apertures 
which admitted radiant energy through the filters to the detec- 
tors. The apertures were arranged to be as close tocether as 
coustruction would perait, so that the fiame was viewed fron 
approzimately the same direction by all of them. The spectral 
range of the radiant energy admitted to each detector was 
jimited by an optiesl filter. the five regions coverec the 
spectrum from 6.235 to 2.5 microns without siguificaat over- 
lapping, as shawna da Figs & and 9, where the relative response 
of each detector with ita filter is showie All of the detec- 
tors wore R.C.ie type IP20 photomultiplier tubes exeept the 
used for the infrared region, which was a Mocak Ltroi, 
type I, lead sulfide photoconductive cell with a “xh oa scensi- 
tive area. The filters used for tne various wavelength regions 
are deseribed below. | 


le The region of shortest waveleagtnas was the ultraviclet 

region from 0.235 to 0.290 micron. %o commen phototube was 
available for shorter wavelengths, and since practically all 
radiant energy at wavelengths below 0.1¢5 micron is absorbed in 
a short distance in air, shorter wavelengths were ast considered. 
region just below.0.290 micron was of interest because de- 

gtors of enercy of these wavelencths would sot be affected by 
enersy from the sua, such radiant energy being absorbec in tae 
earth's upper ataospsere. 


it was necessary to develop a filter to isolate this 
spectral region. The filter devised was a combination of three 
liquid solutions aad a glass type filter. fhe solutions were 
coutained in absorption cells of the King used in ehemicel _ 
Spectrophotometry. The celis had windows of fused silica. tne 
first ¢ell was two eceabiweters ia leagth ané was filled with an 
agueous solution — 30 grams of Sickel sulfate in i100 
milliliters of solutioa. the second cell was one centimeter in 
leagth and contained a solution of $x16"? molar 4,4-diaminoben- 
zZophenone in G.001 scrmal sodium nydroezide. The third cell was 
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FIG.6 SPECTRORADIOMETER RECEIVER, 
REAR VIEW OF INTERIOR 
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RELATIVE RESPONSE 
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FIG.8 RELATIVE RESPONSE OF RADIOMETER 
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| o—- eantinater in length and wes filled with an aqueous solution 
| taining 20 a of 1, s-diezepine~2, 3-dihydro-9, 7<dinethyl 
| rehlorate in 160 wl of solution. These three guia filters 
were used together with a Corning “Hed as chee Corex A” filter 
with color specification auuber 7-54. 


&. The second spectral region was the near ultraviolet 
region between 0.30 and 0.41 aicron. ‘The filter used was an 
"Witraviolet Filter", Catalog number 5264, obtained from the 
Photevolt Corporation. 


3, The third spectral region was the blue nd of the 
Visible spectrua between 0.41 and 0.55 uleron. A coabination 
of two Corning glass filters was used, @ a "Light Theatre Blue" 
filter witn color specification auaber 5-56 and a “oviol 
chade A” filter with color specification aumber 3-73. 


4, The fourth spectral region was the — end of the 
visible spectrum between 0.99 and 0.70 micron. The filter was 
@ Coraiag glass "3. & lLaatern saade Xellow" filter with color 
specification awuber 3-676 


- ‘The Spectral region of loagest wavelength was the 
iufrared region from 0.70 to 2.5 ailerons. ‘The filter was -an 
Pag filter" Catalog oe $263 from the Photovolt Corpora- 

( ion. 


The power supply provided a stabilized potentiel difference 
of 700 volts, with an alternating component of less than 0.0015, 
for operatiag the receiving elements. The sensitivity of the 
photomultipliers was about one volt per (alerowatt/em=) but to 
assure linearity and reproducibility, the receiver was always 
placed at a sufficient distance from the source to keep the 
response below 75 millivolts. The infrared cell had a sensi- 
tivity of about millivelts per (microwatt/em“). A clreuit 
diagram of the instrument 1s shown in Pige 7, and the eireult 
components were as follows: 


= 9 wlerofarads 
| Go = & microfarais | 
| C3 = 16 aicrofarads 
Fy = 3/+ amp 
Fg * 2 amp 
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the quaatity W = P/A is. known es be radiant flux deasity at 
the surfage and is expressed in watts/em*. For a blackbody, 

we o f". The Pate at which radiant eaergy falls uwpoa @ unit 
peeing Boe Rac: aaa is known ag the irradiance and is also expressed 


Lhe pate at which enercy is rafilatea by a body throughout 
the spectrum and through a g0114 angle of one steradian is knowns 
as the radiant intensity, J, and 1s expressed in watts/steradian. 
For a blackbody, 4 

a P Ao F 
i = ——_ © « : 
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The rate at which energy is radiated by a boay throughout 
the spectrum, through @ solid aagle of ome steradian, auc per unit 
or pegeec c area ig knows as the radience, §, and ia expressed ia 
watts/(em*-steradian). The radience and radiant intensity of 
raciating aurfaces, in general, depend upon the direction of raila- 
tion, which qust, therefore, be specified. It is often convenient 
anc ugeful to deal with the radiance in the direction acoraal to 
he surface, the aormal radiance. The following relatioaships 
apply to @ blackbody and are derived from the fact that the radiance 
in this case is uniform over the eatire projected area and is 
ee ne ol - : 
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; It as convenient to use the term radiant intensity, J, in 

expressing the radiant emission ia a particular direction when the 
source is amall aud the spacial distribution of the souree is non- 
uniform. oyever, if the dimensions of the source are large coa- 
pared to the distance from the receiver to the source, it is sore 
appropriate to use the term radiance, 4. 


The rediance of a body for a small wavelength interval about 
a given wavelength is known as the spectral radiance, {, at that 
waveleagth and is expressed ia watts/(cm-steradian-micton). The 
spectral radiaace of a blackbody is 

at a ar eos ee 

Where Cy and C, are constantg and » is the wavelength. for 4 
to be expressed in watts/(en*-steradian-micron), \ is ia aierdas, 
Gz = 14360 wicron-degrees K, aad C has the numerical value of 
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the symbol § ( Ar = de ) 4s used here to denote the soraal 
tadianee of the radiating source for all wavelengths between A. 
aad X2 « fhe normal radiance from the flames and from blackbodies 
iu the wavelength regions transmitted by pyrex, quartz, and caleiwa 
fluoride will be referred to as (02.66), Fd {Qe eB), aad 4 (0-9.5), 
respectively. ‘owever, the actual values of the effective wave- 
deugtnh cutoffs were used in determining the normal radiance for 
blackbodies., 
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| fhe results obtained for the normal radiance frou the jet 
burner flames la which the fuel aui air were premixed and the mix~< 
ture preheated are given in Tables 1 and 2. ‘Zhe observations were 
made on the vertic surfaces of the flames and, since the burners 
and flanes were differeat in width and the conditions of operation 
different, ao direct correlation between the results obtained with 
the two burners would be expected. In each case, the normal radiance 
ia — wavelength band increased as the fuel-air ratio was in- 
CLCASGL. 


The wesults obtained for the jet burner flames in which the 
diguid fuel was injected into a preheated alr stream are given in 
table 3. These flames, as well as the richer of the other premixed 
flames, were more yellow at the tips than at the burner outlet. 
Surveys of the norsal radiance were wade along these flanes, from 
the burner outlet to the renee where the flames becan to break upe 
. Although the values of 1(0-9.9) increased less than 20 percent, 
the values of '(0-2.6) approximately doubled as the aore yellow 
parts of the flame were approachec. 


fhe following values of norzal radiance were obtained with a 
flame produced by burning a stoichimetric mixture of natural gas and 
air with a 1 13/16 in. diameter burner: 


bei 0.07 watt/ (enS-steradian) 
(0-38) 020 watt/ (em -steradian) 
w(O=9, 5) 069 watt/ (em*-steradian) 


These values are not very different from those given in Table 
1 for 4 stoichiometric wizture of gasoline and air. These flames 
| were of approximately the same thickness at the location where the 
MEASUrEMeNtS were MACS. 
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the results obtained for+the normal radiance of various diffusion 
flames are given in Table 4. The values observed for the large fire 
were much higher than those for any of the other flames. This is 
attributed to its #reater thickness. The percentage of the energy 
in the shorter weelength regions of the diffusion flames was appre- 
clably greater than that for the premixed flanes. 


The ranges of values obtained for the normal radiance in the 
different =o oe regions ef all the flames studied are given ia 
table 5. 


Table Se), Rage of Values of Hormal Radiance for all Flames 


studied 
Wavelength a =  Hormal 
opah | . Radiance 
Microns .. ° & Watts/ (eme~Steradian) 
0-226 | é fe 0.02-1.80 : 90 
2.63.8 0.050.938 20 
3.8-9.5 ay 0.2181.09 5 
G-3.8 = « + 0406-2678 2 6 
6-9.5 : : | 6274.87 Lh 


The: ratios of the energy radiated in tae _wevelength regions, | 
0 to 2.6, 0 to 3.5, 266 to 308, and 3.8 to 9.§ microns to that in | 
the regien 0 to 9.5 microns are shown in figs 11, 12, 13, and 1, | 
respectively. the values for the ratio H(o-2. 6) to N(0=9. 5) for 
the diffusion flames ranged from 0.32 to 0.40 compared t5 6/07 to 
0.14 for the premixed flames. The values of the ratio ¥(Q-3.8) to 
N(0+9,5) for the diffusion flames ranged from 0.47 to 0.75 Sagi 
to 0.22 to 0.36 for the premixed flames. As shown in Fig. 13, the 
values,of the ratio 5 (2.60328) to (Q09,5) was not very different 
for thé various types of flames. since the fraction of the energy 
radiated in the shorter wavelength regions increased as 1(0-9,5) 
increased, that in the longer waveleagth region, 3.5 to 9.5 iaretss 
decreased, as shown in Fis. 14. 


The values of the radiance in the different wavelength regions 
of a blackbody at various temperatures are given in Table 6 for 
comparison with those observed for flames. Inthe wavelength region 
G to 2.6 microns, the values for the premixed flames, 0.02 to 0. 15 
watt/(em@=steradian), corresponded to those of a blackbody at temp- 
eratures of 800° to 1140°F, and ayape for the diffusion flames, 

0.3% to 1.56 watts/(em“-steradian), corresponded to those of a ’ black= 
body at Pr iokobgglren ef 1330” ta 1850°R, mh the wavelength region 

© to 3.6 microus, the values for the premixed flames, 0.06 to 0.47 
watt/(om2-steradian) ), corresponded to those of a blackbody at tem- 
peratures of 730° to 1100°F, and those for the diffusion flames, 
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“0.45 to 2.78 watts/(em@-steradian) corresponded to those of a 
blackbody at temperatures of 1190° to 1620°F. In the wave- 
dength region © to 9.5 microns, the values for the premixed 
flames, 0.27 to 1.27 watts/ (em“-steradian), corresponded to those 
of a blackbody at temperatures of 660° to 1190°R, and those for 
the diffusion flames, 6.77 to 3.37 watts/cen--steradian), corres- 
ponded to a blackbody at temperatures of 990° to 1720°P, 


| The ratios of i(6-2.6) to 9(0=9.5) and 7(G<3.6) to (0-99.59) 
for a blackbody at different temperatures ere also shown in Pigs. 
ll and 12, respectively. These ratios, compared to those obser- 
ved for the flames, are suamarized in Table 7. Although the 
greater part of the energy radiated by the premixed flames was 

at wavelengtes longer than 3.% microns, the same is true of a 
blackbody at temperatures below 1300°7, Is general, the ereater 
part of energy radiated by the diffusion flames was at wavelencths 
shorter than 3.8 microns. ven though e pyrex window transmits 
oaly about 40 peresat of the radiant energy from a diffusies flame, 
it transmits a much smaller percentage of the radiant eaergy from 
a blackbody at temperatures below 1300°F, Consequently, if air- 
eraft accidental fires are expected to be of the diffusion type, 

& pyrex window would appear to be more suitable than one trans- 

. Mitting at longer wavelengths because it would absorh a relatively 
higher pereentace of the beckground radiation. The spectral 
radiance eurves for a blackbody at different temperatures are 
shown together with the spectral transmittance curves of pyrex 
(P}, quartz (G), and ealelum fluoride (F) in Fig. 16. 


the ratios of the normal radiance im various parts of the 
spectrum provide a meaus of computing the temperature of the sol 
vadiating particles ia the diffusion flames. Ginee the eaissi- 
vity of solid carbon is essentially independent of waveleuagth, 
the diffusion flames will radiate essentially as a greybody 
which, for a given temperature, will have the same distribution 
of energy throughout the spectrum as a blackbody. The most 
appropriate ratio to use for this purpose is 7(0-2.6) to (63.5) 
teeause the C02 band at around 4.4 mierons is excluded. The 
average value of the ratio 9(0-2.6) to 3(6<3.&) abtained for all 
the 4iffusion flames was 6.655. The ratio of 7(0-2.6) to "(0<-3.8) 
for a greybody at 220C°F is 6.697. since this ratio was approxi- 
mately the same for all the diffusion flames, see Fig. 15, it 
would appear that they were all at approximately the same teapera~ 
ture and that the differences in the values of the sorgal radi- 
anee were due primarily to differences in the thichkmess and 
enlssivity. 

The value for the ratio of S(G-2.6) to (0-9.5) was 0.466 


for the large gasoline fire and is 0.473 for a greybody at 
2e00°F. The value for the ratio of 1(0-3.5) to (0-9.5) was 
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Zabie 7. Katio of Radiant Flux in Different *avelength Regions 
of Verlous Sources 


Sie sie di 
| 1(O~9e5 
Premixed Flames 0.07=0.1% Oe2B-0.39 
Biffusion Flames 6. 32=0.48 Ok 7G. 75 
Blackbody at 4oo*Fr 0.0066 0.080 
Blackbody at 6G00°F Gee 6.16 
Slackbody at S00°F 6.099 0.25 
Blackbody at 1000°? Oo11 0035 
Blackbody at 1200°F 0.17 O04 
Blackbody at 1300°F 0420 Ooh? 
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peed for the i gasoline fire and is 0.720 for a greyooty at 
ehOOPP. These ues would indicate that the raciant ag A 
rsh the C2 band at around 4.4 microns contributed very little 
to the total energy radiated. Sowever, the slightly lover values 
obtained for these latter ratios with the smaller and leas sooty 
flames indicate thet there was some appreciable anount of radient 
energy in the 4.4 aileron band. : 


The above measurements indicate tht the relative spectral 
distribution curve for the radiant energy frow the diffusion, 
flames obtained in this work was sot very different fron that of 
a blackbody at 2200°7, shown in Fig. 1. If there were aay peaks 
in the regions at around 2.5 and 44 microns (dotted dn the curve), 
they were not very pronounced. The value of 2200°F obtained for 
the temperature of diffusion flaues in this work was for flames 
burning im the open. The teuperatare of similar flames pursing 
in a heated enclosure, such as a nacelle, would be signer. 


 O¢ the temperature of the rediating particles in the diffusion 
flames is taken as a2200°F, the effective norsael emissivity ef the 
flame, defined as the ratio of the moral radiance of the flame 
te that of a blackbody at the same temperature, can be computed. 
The computed values rengecd from 0.093 for the smaii tian fire 
in still air i: uly for the large gasoline fire. | 


e: 3e Lele? ELaee pnt Inte: $3 (es 


The values sical, in the & wavelength vanianell he twas 
0.235 and 2.5 microus, for the radiant intensity of tha preaized 

flames are «iven in Table % and those of the diffusion flavyes 

ia Table 9. Since the areas of the flames were differant, there 

is no direct correlation among the values obtained for the 

different flames, except in @ general way. The projected areas 

of the jet burner flames, as viewed by the receiver, were aatina- 

tea to range from about loco to about 2500 sq cm, while those 

of the diffusion flames ranged from about 200 to about 600 Sq Cite 


The radiant intensity ia the wavelength region Ged 85 fo 

6.290 micron was greater for the liquid injection flame a 
for any of the other types of flames. The average val 

about O.2 watt/steradiane Is all the other prenixed fines s 
coer one, it was of sufficient aagnitude to be measured with 

the apparatus used. in the diffusion flames, it was lets than 
10~+ watt/steradisa, the minimus intensity that could va detec~ 
ted with the — used. | 


WADC TR 54—307 


a ety miue rede wii’ 
ce avase Hid base ty 
| Pe eos 

es 8 at 


cia te % sxageed 9: 
ptr) “ed biuow eit 3 P se Asare 
(@ ot eoketineg grtietuey eds ‘ke emwieteqmed oft 2 


ge hodass a md 


“ a ade 2a hoa bald 2 16 dads od 
: f00.0 wevt Sagnet aetiay batvqmos ext 
2 entioasg agial ot tot rary 03 wta Eitee ok 


a Rye lak 


Bays oi .bontaric con ley eet 
aui?d 10% ganoteie ¢45 daa €£5.0 


mem efd eonls .f wt 
— toarkh om at 
fqpano ,aerelt teeta ts 
Ry Boalt Wenave | 95 ele ‘So 
Beas eee oF Bed 


c goede POT EEN 
Dogue nent ig Bon agp lt cokagtt hh bee es 


te yoo Pp ad Ngee oi dnathes ent 


ae 


) add ,2°008 a6 cence of aeeets 
: wi te okosi ade ca are goualt. 


“bee 8 ofefe? ot roves ota caer. | 


ae hice aie Fgh eas gh apord 


a 


“(uomorm Goto of 1420) B08 8 


oq (WomDTE O4°0 09 GG*O) wmagoede oug go pue aoTTO£ ou4 ut A3y800} 


sm Of oS BY 


oas/ay ff 

phos - 

 <OTOA cate 7, 

ary 

| pegeeread? 

g “OW meumng yer ‘apy peqeeysas oquy pagoefuy surtosen 

SEO*O> t°L =» OTHT>¢.OTHE"S ¢_OTME*E eet se ae 
SOUAOE gOT/ET T Ut sep reanyoi lee 

$60 LST e't “68. 00€ 

eG+9 -- : WEE Soe 

oS*o me ae” ie ae ne a LET OO: 

Te"O> <8 5.8 . *0. ae Z6— O0€ 

Zo‘o> ~sTé fet aoe 690°0 ETorzs LET O0£ 


& *ON IOUIOE 3 ‘pequorestg pue pextmeaz ary pup ouTToeen 


. S*2-01" ol'=65" GS" “th Th’-08* o62"-Cee" gi, | 008/az z., 
OT FB : 3 Sata 
onTe SUOLOTM UE sTeatequt uaSveteasa om ~OTOA maz 
oF BeTpedegs /f9 78K aTe~-Teng 
poxTmeas 


AOTTOX weedeat FUBTPeE ) 
‘ eueaote big aoTor —e Hq@neTenne 


UT Wout Gfo'o egexn seats. aTENooomieyy eu, “geTQNS Oa ena 38 POeQeooy clean cee, 
EMEDOUI-UMMEPTAT/UMTPTSE Ue FO woTgounf exeq oyy fq poguorpuy eangeaedmeg ouy ct eTUy T 


SoTq aug UT yey 
eee go orqea Sud % 


wpe fat 


Gets 
—COMNSWOD 
TOU gs 


uy sometTg poxTmear yo KqrsuequyT qoeTpey oO eTaRs 


as 


aig ee MM SN-307 


VOR TH o o on OU on oO 
(oaprm. oL*o 09 GG" ‘9) omar goeds me go Due Ge) ee @: #oT4cShab Puqeepor 3c Ea he 


ir 8 Be EB £t0°6 “Gentry “port °  h@00°O HD 
eh 5 et &9°0 . #T'O En OTME € ¢ cer : 6 = S800°O ~ «= | 8b 
: 4 . 080°O *5 Bap. 

0 


» GED*O ee ED 
, Teanga : 


| vs se et Peet aoe $ ge OTT > 


eege gees |. aoudng std: a: ur 9p Tearqey a. 

9496S Se Get oo = -e9"®- 5_0T2R’ Ee _-OTRT> Eo" Boo 2 OOTT? © 

Ge. BES eo quot @.. gn0TEL’ 9 ore 2 aa Goo ‘0 apr haeet - 

PS Se 2 oe 8°5 OTS 6 ed a ft ge TET >. “OF 2 ¢810') ~ PteLs- 

: 08 =. ie: th © E.OTHEE © ga OERE > 2 "geOGt> (G25 210. jeer 
oes 2g “Geto? Bt 2h 


(a oe er eX ee. 

a es ee es ee ee 
| ce" bates 2 | aouang qouy-xtg UT arena prnbrer” gen = 

» <oTaaH cob -oEgeTeAg ganyg- 4 “ag oe Gee" aa/re 2 uTH/ay 

en .— 2-2". pereree wae a=... <* <@tag Séiepacg = = ¢ 
AOTICE e242 “s95% 3 | Beano a, Ree ee se. 


e8s  S  upaerm G2 aoTor suct#oy ! : 
uaMuetengy UT seuETe UOTEN;ITa Jo KeSueAUT yuerpeT 6 steer 


46 


WADC TR 54-307 


5 


ie 
MF 
\- 


the maximum value of radiant intensity observed ia the 
ultraviolet region between 0.30 aad ©.41 micron wes 3.1 watts/stere- 
dian for a stoichiometric alxture of gasoline and air in jet 
burner a0. 2. The radiant iatensity in all the other flames 
except one, was greater than the minimun detectable anount, Lo-5 
watt/steradian ia this wavelengta region. 


‘the maxiaua value of radiant ~ <r observed in the blue 
eng of the visible spectrum between 0.41 and 0.55 micron was 1.9 
watt/steradian for a stoichiometric mixture of ehaaline ami air 
in jet burner_no. &. The minimue value observec ia this raage 
was 2e9 x 10°73 watt/steradian. 


In the yellow eac of the visible eager a between 6.55 
; gad 0.7/0 aicron, the maxiaua value of the radiant intensity ob- 
Served was Sec watts/steradiaa for a flame produced by burning 
hydraulic fluid in @ 20 mph wind. It was less than the minigun — 
detectable agount, 10°3 watt/steradian, with the lean premized 
flames of gasoline and air inte less than 10" watt/steradias, 
with the blue bunsea flame*. 


In the infrared cavities’ af the speetrua between 0.7 and 
ee} wierons the Gaximua value of jase produced, open observed 


_- The results givea in Tables & aad 19 Show that the amount 
of euergy radiatea by aay of the flases in the ultraviolet and 
visible portioas of the spectrua is small compared to that in 
the infrared portion out to 2.$ microns. ‘the results reported 
for the aor radiance in previous tables show that the anount 
of energy radiated by aay of the flames in 211 wavelearths out 
to 2.0 microus was less than 50 percent of the total. 


The patio of the amount of energy radiated in the yellow 
portion of the spectrum to that in the blue portion is shoan in 
the last colum of Tables 8 and 9 for each of the flamcs. Al- 
though this ratio is aot a complete color specification for a 
flame, it does give some idea of the color of the flame. This. 
 Fatis * for daylight is roughly one. 


jee 


‘The dia’ section dealt with the average values of 
Yadisace and radiaat ery In this section ths fluctua- 


ihe minima det ‘ant Late eity ds pended upos tue 
views: distwiae Widen vee eaharees to keep oo resposses of 
all celis within the limits of linearity. 
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tions in the radiant iatensity will be considered. For conven- 
ience, this fluctwation will: be called flicker. Asa result 
of stroboscopic studies of bunsea flames, ‘artley £5! reported 
ia 1932, "the vatlations in the eross=seeti ua] area of such 
flames throughout theily lengths, and their appearance, sugcest 
& periodic chaage in acral oF tne. Upwards flowing combustible 
gas stream and a thlekening of an ago ard layer oF the outer 
cone." The periodie flicker he most flees was coufiremad by 
high speed only Sarteton and associated easurements wiich re~ 
venked’ x not oaly variations in the Welocity of the cas stress 
but variations im temperature and projected area. ‘“easurenaais 
made on consecutive p: etures of flames taken at bigs speeds in- 
— that the variations ia 5 ro jaated eres may account for a 
eee part of the flicker of flame & series of pictures takes 
1/6 th of a second eh bursa copter ‘the 6 pearaice of a gasoline 


flame in the ¢ix dine ” sh wo cycles of flicker 
4s shown in Pige. ie ee 2 


the variations ia the relent intens’+; y in-five weveleagth 
egioas within the range from 0.235 to 2.5 microns, recorded 
ai walhanneusis with a 


4 eps oscillatory tina trace y are showa 
ia Fig. 10. ‘The waveleagt 7 regions were the same as these use 
in the studies re i the preceding section. in this 
figure, it may be seen that the * vasiont intensity in the five 
wavelength regions fluctuated with practicaliy the same fusda- 
montal frequency. The saw-tooth component in the trace for the 
far ultraviolet region appeared because the radiant intensity 
Wag so low that. a, signal a ‘the noise level of i: 
Systeme Since the flicker fre was found to be essentially 
the same in the five wavelength regions, $he flicker frequency 
was determined for one region oaly. The infrared cell was used 
because it provided the largest output sigusl. ‘Tne frequercy 
response of the dafrared radiometric system was ceterminca by 
measuring the response at known frequencies producet: by a steady 
infrared source and a gee adi i Gise, The response was vies to 
te essentially ine rowgl —— interval frou l to 36 

eps, oF perceat at 1. 30 percent at 1700 eps. ‘Thus 
the response was rantecely fi flat for the frequencies generally 
found in the flicker of flames. ‘The frequency respoxses of the 
remaining four radiometric aymanns wre taken to be flat over the 
frequency range: of interest ieee 


The frequesiy of. the poriettitiy « of the flicker was deter- 
ained by analy ning Sr ‘output of the gue reretsometer with & 
— analyzer, @ fal Padio T; ® Vibration Analyzer 

se a frequeaey rauge from 2.5 to 750 tps, showa at © in 
when a flame wae being viewed by the cell and the 
vn, was tused te & — frequency, 1t indicated the 
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amplitude of the cell response at that frequency. As a result 
af the variability of flames, the indicated amplitude varied 
about the average value for a given frequency. To facilitate 
the determination of this average, the saalyzer output was re- 
corded on 4 General Blectrie Potentiometer Hecorder, as is in- 
dicated in Pig. 5. For each flame, the flicker amplitude was 
recorded for about <0 seconds at each of about 56 different 
frequencies between 2.5 anti 730 eps. The wave anealysas, the 
average relative auplituce observed for exeh frequency in the 
range where there were appreciable amplitudes, are shown for 
several flames in Figs. 18 to 22, | : 


Such a@nenalysis war made of the flicker of diffusion and 
prewixed flames produced br 4 bunsea burner and the larreée gas 
burner; gasoline, hydrauiie fluid, aud lubricatiag o11 fires 
ia the six-inch liquid burner potm in a closed roos and is a 
wine; and presixed and liquid injection flames ia jet burser 
ASe fe : } ; ts 


It many eases the flicker amplitwde distribution curves aad 
& sharp maximua at some frecuency between 3 and 15 cycles per 
second. In some cases the neak amplitude was as much as 100 
tines the everage amplitude over the raage from 2.5 to 729 
eyeles per seenad. In the analysis of some flames that flickered 
with great regularity, second aud third barmonics were observed. 
hhese characteristics my be seen in Pic. 18. “one of the 
flaves observed had eppreciable flicker ampliiugce at frequencies 
above 150 cycles per seeond. the jet flames were the only ones 
heving any significant part of the distribution above 2b ¢yeles 
per second. the distributions for the diffusion flases sad 
sharper peaks and hicher relative maxima than taose for the 
premixed flazes. The gost breadiy and evenly distributed 
flicker curves were those for the pregixeé jet flames, waiea 
nad maxima only 3 or 4 times the average over a 100 cyele per 
second bend ss is shows in Fig. 196° 4A ten or twenty mile per 
hour wind increased the amplitude end frequeacy af flicker of 
Flames buraing on the surface of licuids, ap is showa in Figs. 
20, 21, sad 22, The principsel flicker ueximwe were at frequeacies 
between 3 and 10 eyecles per second for Pliames. on liquids, 5 
and 16 eyeles per secomi for the gas flames, and 9° to 25 cycles 
ser seeoad for the jet flames. age ee 6: 


In addition te the wave analyses of fleane flicker, the 
Patio of flicker to .the average radiaat iatenslty was measured. 
this quaatity was obtained by measuring the root-nean-scuare 
Value of the alternating componentcand the average direct coz 
ponent of the output of the spectroradisometer and taking their 
Patio. #or burning liquids, this quantity raaged from 0.25 for 
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FREQUENCY, CYCLES/SECOND 
FIG.20 WAVE ANALYSIS OF GASOLINE 


DIFFUSION FLAME 
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FREQUENCY, CYCLES/SECOND 
FIG.21 WAVE ANALYSIS OF HYDRAULIC FLUID 
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@ gasoline fire in a closed room to 0.41 for oa nyerentse fluid 
fire ia a 20 Ry wind. For natural gas flames, this ratio 

O for a steady low-veliccity blue premixed flasze 
te 0069 for & @mail diffusion flame. ‘The ratio ranged froa 
0.09 to 6.15 for premixed jet flames wut became 6.1 to 0.3 for 


the flames in “— —— fuel was injected. 
363 


Tn the prepeliag sabtinc, it wes shown that the variations 
in the radiant intensity of the flases were very similar in each 
of the waveleagth regions stadied. Coasequeutiy, deteraiaations 
of the rate of Inerease in the radiant inteasity from the instaat 
of igaitioa were mede in only one waveleagth region, 6.7 to 2.5 
aierons. Seterminations were meade with diffusion f flames af gaso-= 
dine and of hydraulie fluid in the 6 in. Glameter burner. ‘secillo- 
graph recordings of the radiant intensity were used for this purpose. 


Figure 23 shows a typicel record of the radiant inteasity of 
@ gasoline diffusion flame frou the instant of ignition, torether 
with a 40 eps timing trace. The radiant inteusity of the gasoline 
fires ineregsed to @ first maxisun value in about 6.2 second 
aad that of hydraulie fluid fires increased to 4 first saximua 
value in about O«3 second. After reaching the first uaximas 
value, in each ease, the radiaat ater rsity began to fluctuate. 
iu some Cases each suce ag sexioun increased for about 2 
seconds, witt : the maxima value after 2 seeosds being about he he. 
times the first Meximum. This incYease after the first eaxlaua 
Was attributed to an dacreased rate of menperett en at the liquid 
fuel upon neatiage : 


In general the velue of the first recorded saxiaun value 
Was approximate teiy, equal to or greater than the average steady state 
value. Consequently, the approximate average rate of increase in 
the radiant inteasity or normel radiance ia any wavelength region 
may be obtained by Gividing the Sraenge : ¥alues reported is the 
prg@vious sections by se Gels 


Since the time onstant of the commercial radiation pyro- 
meter receiver was about 0.5 second, it was not suitable for 
determining the more repid increase in the normal radiance of a 
flame. cowever, some measurements were made of the rete of in- 
crease in the dadieation of this receiver as recorded by a General 

Electric Recordiag Fetentioneter. The recorder indicated a 
first maxinun value tn about 6.7 second after the ignition of 
iiguid gasoline. Consequently, the rate of inerease in the 
radiant intensity of a flame immediately fllowlng its initiation 
and the rate of response of commercial receivers are sufficient 
to perait the detection of a fire ia tens than one second. 
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SECTION IV 
CONTACT HEATING EFFECTS 


Many of the fire detecting systems thet have been proposed 
for use in aircraft depend upon & flame contacting some temper- 
ature sensitive element and heating it to some predetermined temp~ 
erature level or at a pate greater then that encountered in normal 
eperation. Phe results of performance tests on the more practicable 
of these systems under simulated flight conditions have been reported. 
/T 2 ,3,%,5,12,13,647 Consequently, this section of the report will 
be confined to the general considerations of the factors involved 

in the heating of temperature sensitive elements by flames. 


khbeon & gmail object such as the temperature sensitive element 
of a fire detecting device at a temperature, 7,1, is contacted by o 
hot gas or a flame at a tempersture, T., it witl eventually come 
to some steady state temperature, Tp, &t which it gains and loses 
heat at equal petes. This steacéy state teuporature ia seldom iden- 
tieal to either the temperature, T., or the temperature, T,., of the 
surroundings. Since time is an esSeutial Zacter in detecting and 
extinguishing fires, the steady state temperature attained by the 
temperature sensitive element exposed to a fire is not, in itself, 
of verticular Interest because this condition mey not be attained 
in less than several seconds or minutes. The factor which is of 
interest is the time required for the sensitive element to reach 
goue predetermined teaperature or in other words the rate at which 
its temperature is increased. 


The rate at which the temperature of a sensitive element changes 
froa T, to To is a function of its surface area (A), mass (M), heat 
capacity per unit mass (C), and the rate of heat transfer with the 
surroundings. This may be expressed as follows 


fat = (a/c) # (h,P.%g,%,) (2) 


where T is its tenmcerature at time, t, after its environment is 
changed, and h is a generalized heat trensfer coefficient such that 
# (b,1,7.,Ty) describes completely the heat transfer to and from 

the elenant - This heet-transfer function depends upon the dimensions 
and thermal properties of the temperature sensitive element as well 
as upon the environmental conditions. Although this function has 
not been evalusted theoretically for any general case, certain 
simplifying assumptions permit @ solution which gives a quentity 

that is & measure of the rate of heating or cooling of an eLewent 
under specified conditions. 
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‘Tf h is assumed a constant for a given set of ¢onditions (this 
implies that Newton's law of cooling applies) and if the rate of 
heat transfer from the element to the walls by radiation and con- 
duction is small compared to the rate of heat transfer from the flame 
to the element by convection and conduction, then T tg = fo and Ty can 
be neglected. Zquation (1) then becomes } 


ge = 2 (tp = t) (2) 
The oT of aed equation AFT wives. ee 
(+2, )/(@o-7]) = 1 -ert/E (3) 


where e is the base of the aaperian Loserithe system and L = MC/Ah. 
Whea t =. 


(f-13)/(fo-T)) = iA es 0.632 (4) 


Thus L is the time required for the element to undergo 63.2 percent 
of the total change in temperature to which it is subjected instan- 
tancously. The time L so defined is ee ie referred to as the 
oem constant* of the elemént. 


Sinee M, GC, and A are coustants fev aay » given eteebae L ta 
iaversely proportional to the heat transfer coefficient h which 
varies in a complex manner depending wpon the environmental con- 
ditions. Uowever, analyses of available data indicate that, for 
a given element, h is essentially dependent on the mass velocity 
of the flame products or hot gases to which the element is exposed. 
Thus, the time constant of an element exposed to a flame or moving 
gas is independent of the temperature and of the temperature differ- 
enee to which it is subjected, and the same value of L applies 
whether the. object is being heated or cooled. for elements exposed 
to flowing gases, a numerical value of the time constant is sig- 
nificant only when the amass velocity is given. 


It should be pointed out that the above analysis does not 
hold if tne predominate mode of heat transfer is by radiation. 
in the latter case the time constant ares also upon the tenper- 
ature level, the temperature interval, and Upon prea the 
elenent is being heated or cooled. (See Ref. £7 


In either case the time constant of an element is directly 
proportional to the total heat capacity (MC) and inversely propor- 
tional to the surface areae Consequently, any method of increasing 
the ratio of the surface area to the total heat capacity will re- 
duce L, but such means of reducing L are practicable only within 
the limits established by the ability of the element to withstand 
the stresses to which it is subjected. 
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Sines the ties eonstent of « teuperature gonaltive eLement 
pe the evironmentsei couditions, Sa wel. se the paysical 
enarceteristios of tee elecent iteeif, these eonditions aust be 
prot ints. Sie tee tee in devising any method for determining it 
or any other quantity related to it. Sineeé sedénds and fractions 
thereof are Sapertaat in Pire detestion, the tine lag im — 7 
actuating syste yy. wat eiss | a considered, Consequently, Dalias 
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gad Hansherry _ Pigaan , Heasberry 7 37, Tarbell eee and 
‘Others bave rep sa. the over-all operational tine of various types 
of Pire Getect ing eysteas 69 determined in fire tests simulating 
Piigut Gpuditicons, Some of these investigators eye alas reported 
the tegjeratures attained by the pare: “janet Lore of $15 gace ohrowel- 
elumel therwocouzles loceted in the fire somes. A-laboratory test 
for pet lage gee: the gperational time of fire detectors was then» . 
devis iging @ Bunsen flame sdjusted to give the same teap- 
ereture (as. aeaaured With the same type and ¢ise of thermocouple) 
@ad the same operational time of the fire detectors that was ob- 
nee in. the,.full sesle tests. Sach 8 leboratory test method for 
determining the operational time of fire detectere has bean incorsor- 
n peers = th © acide. peel naantano for fire aaheehore, hl 16,775 


When. & toapexature sonia teste aes a & weeny stake pondit ion 
Poun@ings Is siidetly exposed to moving gases at a higher 
temperature, ite initial rate of temperature rise is primarily the 
wemult of an inevrease in the rate at SHIGE Beat is gained by sanveetion. 
: pos aaae Pccmpeg applies whether +t Ming gese: 
e2% ny of ayaa ee Ba iu & Sime. Fee 
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where By “a cf goad are ‘positive. éonstants, @ is the pass vel eeasty, Re 
end hy are the coefficients of beat transfer.to the walls by conductiow. 
and redistion, respectively, and T, and ty are the tesigeratures of 

the mowing gas and the wells respe tively; Thus, if ? and Ty are main- 
teined constant, the eteady state temperature, To, Willi increase with 

G ge tong as there is any heat transfer froma the element to the walls 
ny radiation or conduction. 
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Dahl and Ficek /757 presented a method of determining the 
tine eoustents of temperature sensitive elements When exposed to moving 
gesep at verious temperatures and mass velocities. They elso in- 
eluded the results of measurements of the tise constants ef bare 
ehrowmel-alumel thermocouples of different sizes. One of the sizes 
ineluded wae #15 gege, the same aize and type of thermocouple as 
used in expressing the temperatures of the fiemes in the work de- 
seribed earlier, 


 Sinee bare #18 gage ehromel-elwel theruoccupiss have been used 


in so much work on the subject of fire detection, soue measurements 


were made with them in the diffusion type flames used in the present 
investigstion.. The time constant determined for a bere ,ic gage 
thermocouple in the flames of burning aviatien gasoline im normelly 
stiil Sir wae ii seconds. The mass yelocity cf the burning gases 
was estimated to be about 0,12 im{ft"-sec), A time constant of 6 
seconds was obtained for the same thermocouple when the burning 
gasoline was placed in @ 26 mph wind. The macs velocity of the, 
burning gases in this case was estimated to be about 0.27 lo{ft*-sec). 
These values together with those obtained by Dabl and Ficek for 

the saue size thermocouple in geses at much higher mese velocities 
ere plotted in Pig 24 on a log-log scale. 


According to this curve the time constant decreases linearly as 
the 9.55 power of the mass velocity, Consequently, the generalized 
heat transfer coefficient, h, referred to earlier inoreases es the 
0.55 power of the mass velocity. im addition to the bare thermocouple 
junctions, Dali and Piock also studied the heating characteristics 
of a variety of temperature sensitive elements encased in metal and 
ceramic protection tubes and imbedded in insalating materials such es 
quertz and beryllia. They found that, in general, the time constants 
of all auch sensing elesiente varied with the mass veloalty in the same 
manner as the bare thermocouple junctions. 


The steady atetbe teupersture attained by the,thermocougle junction 
in the flames with a mass velocity of 0.12 ib/(ft“-sec) wes about 
goo” F sbove the ambient tempeyature. in the case of the flames with 
& wags velocity of 0.37 Ib/(ft°-sec), the steady state temperature 
attained was about 1000° F above the ambient. The bisher temper- 
atures recorded in the Hacélles of aircraft curing fire teats under 
simuletec flight conditions were probably caused by higher exiblent 
temperetures and mass velocities. 
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; The steedy state temperatures attained by the junction of an 
iridium/ipidium-rhodium thermocouple (0.035 in diameter wires) 

in the jet burner fliemes ranged Trom 2090" to 5590" F depending 
primarily upom the fuel-air ratio and the rate of fuei consumption. 
Ho atternot was made to determine the time constant of this clesent 
ia these flanes, 
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SECTION V 
FLAME CORDUCTION 


it hes been known for some time that flames conduct electricity. 
The electrical characteristics of flases were of considerable iaterest 
to experimental ahysicists at the beginning of this century, since 
flenes gimme useful conditions for studying the behevior of gaseous 
igns. A large part of the early work, reported by Lenard /607, Wilson 
£65,707, and end Andrade ,f2/, Was concerned With variables or conditions 
not pertinent to the Sroplea ox fire detection.’ Paerefore, experinents 
were made to determine the factera effecting electricai conduction 
im flamen within the applicesaple iimits of the imsortent variables. 
faong the factors investigated were the applied potential diiterence, — 
the diatance between electrodes, the area of the electrodes imsersed 
in the flames, vhe nebure of the facodal) end the polarity. 


he equipment represented in Pi ig 25 Was used to observe the 
effects described below. 


When two wire electrodes 6.04 inches im disweter were siaced 
parallel, ¢ inch apart in the outer cone of 4 blue bunsen fleme, the 
current inereased ovacticaily linearly frog 0.1 to 0.7 gléerenaipvere 
| @s the sotential difference was increased Prag 100 te 500 volts. 

Phe current , for any given experimental arrangement,was not chenged 
aporeeisbly by ehéiiging the fuei-éir ratio of biue bunsen- flemes, 
The current in the yellow bunsen flames @lso varied Soest 
iinearly with the potential difference. 


With & simile, experimental errancesent., variation oF the elece 
trode spacing bad iittie effect on the current if the aeparation was 
greeter than ; inch, The qurrent approximately doubled when the 

separation wee reduced from ¢ tneh to 1/6 ineh and rose sharply as 

the clectrodes were brought still closer together. Sefore the slec- 
teodes came together , an electric are formed between them and tie 
current became very ieyge. im yellow flames, arcing was atten hastened 
by the rapid eaecumilation of scot on one of the clectrodes, forming 

a conductive tiinaent between the two electrodes, 


The Current was approximately oponertional to the area of the 
cathode immersed in the flame but was little effected by veriation of 
the ere of the anode. If the clectrodes were of different sizes, 

@ lerger current wes produced when the laree electrode was negative 
then when it wes positive. This effect is “nown ag rectification 
ainee an alterapting potential difference appiied te two such 
electrodes produces @ net direct current. The degvee of rectifi- 
cation depended upon the ratio of ereas of the two electrodes. 
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Sinee the curvent ie a function of é@athode eres, the curveat obtained 
in Flenes waich were uot in oteaay contact with the electrodes varied 
in magnitude By & factor of ebo ut 166." 


Ae & steady b blue Binsen flame was woved toward two stationary 
parallel glgctrodes 2 i tinge apart, heaving « potentisl difference of 
200 volts, current wes detected when the visible pert of the flase 
wos aft auch from the electrotes. 


Bo significant differences were Bealtibied tn the conduction of 
flames when different metais were used for the electrodes. It was 
noted that the currents produced when the probes wore glowing were 
erester then those obtained under Y simiter circumstances cefore tine 
probes began to giow. _ 


Diffusion, flenes gongucted up te bemee. tinue as. such current 
es Dine bunsen flames under similar conditions, In one experiment, 
50 inehes. of 1/3 6 inch stranded steinless steel aircraft control 
gable odiled into a 4 inch fiat loos Leal used as the enode and the 
6 taeh ateel burner was used es the cathode. When gasoline was 
wned, a potential difference of 50) volts was evplied, and the 
Lobe was horizontal in the flame with one pert within 1/6 inch of 
the upper edge of the burner, a current of about 50 alcroamperes 
Was obtained. When the loop was moved to about two inehes above — 
Sue baxter ies ad the Current aaa ‘Ground 15 PLEPORMDET ER: 
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SECTION VI 
EVALUATION OF METW0DS OF DETEcTI#¢ PIRES 


6.0 It should be possible to utilize in a fire detecting system 
any characteristic of a flame that can be measured. owever, if 
the fire detecting system is to fulfill the esseatial requirements 
of the AP, some of the characteristics of a flame that might be 
utilized appear entirely impractical. Some characteristics of 
flames that might be utilized to good advantage in one type of 
eigine Compartment might not be suitable in another. Conditions 
ia different types os Pape igric lene, pci and engine compartments 

are 89 diverse that it is doubtful that the Har requirements 

of alnimum weight, volume, etc., can be met with a single uaiversal 
fire detecting system, even though this might be very desirable. 


There are certain basic characteristics of a fire detecting 
system chat are absolutely essential and others that are extremely 
Gesirable to the “SAF. ne essential requireuent is that the 
system shall be completely Gependable in its operation when sub- 
gected to the environmental and operational conditions enesurtered 
in Air Foree aircraft ia world-wide operations. By being com- 
pletely dependable, it is meant that the system shall indicate 
fire when, end only when, a fire exists and that it shail indicate 
"fire-out"® when, and only when, the fire is completely extinguishec. 
in order for a system to be completely dependable it aust be able 
t9 distinguish between a small localized fire and a general in- 
ePease in the amblent temperature throughout the fire zone. Tit 
is algo meant that the system shall be capable of withstanding at 
least one coaplete fire of the most severe intensity which might 
normally oceur and still be in condition to operate should another 
fire occur in the same location. The operational conditioas in- 
Volve temperatures of a least 600°F, and possibly 1000°F, in the 
engine compartments. ran : . 


Another essential requirement is that the system shail 
operate, both in signalling “fire” and "fire-out", within a 
reasonable time. Three seconds appears to be a reasonable time 
but a system that would operate in = seconds or less would be 
preferred. Any system that would require more than $ seconds to 
Signal a fire would be of little value. 


Tt is alge essential that the equipment necessary to the 
operation of the system shall be eapable of belng developed anc 
packaged for eircraft uperation. 


It is extremely desirable that the equipment necessary to 
the operation of the system be light in weight, occupy a siniaun 
of space, and be simple to operate, aeintain, and test not only 
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on the gesting but also during flight. It shoulaé be possible to 
iastall the necessary equipment in such @ manner that it will aot 
daterfer with sormal gaintesanace and servicing of the component 
parts of the power plant aad that it will not be aide Be ¥ such 
OARS ORSs . 


7 it is also highly desirable that the fire detecting aysten 
be auch Saat dG @ay be installec in any new type of nacelle or 

ine compartment aud adjusted to detect any fire in the compart- 
meat without elaborate fire tests. siuee some fire al 
systems Gepenud upon the flames contacting a sensing element, a 
‘wnowleége of the flame paths uader all operational couditions is 
necessary to the effective installation of such a system. This 

senerally lavoives fire tests under simulated flight conditions 
for each Hew type of engine nacelle. Thus, in the selection of 
a suitable Mre detecting system the type of coverage; unit, 
continwous, or space, provided y each detecting element becomes 
an. a factors 


‘the fact that a ape niben of fire datantias systems, 
operating on different flame characteristics, have been devised 
and testec during the past il years is evicence that no one | 
system appears to have eminent sGvaatages over all others 
or to meet satisfactorily 411 the requirements of the DA?. 
Consequently, it appears advisable to select, by & process of 
@ligination, the system or eysteas that have the ieast serious 
undesirable features. : 


bel 


Systems which depend upoa the burning of a cord or wich or 
upon the melting of a fusible link to actuate aa alara Go aot 
meet the essential requirement that the system mugt be able ta 
indicate “fire-out" and be in condition te operate shoulda a 
second fire »xceur. Consequently, we geed aot give any Purtaer 
eousideration ts fire pavworene systeus which operate on tahis 
principle. - 


6.2 


Any fire Getecting ayuten. walch utilises the sbainte of 
eombuation as an indication of fire in an aircraft engine space 
would be subject to false alearas from leaks in exhaust Liues. 
ia addition, 1t appears that the equipment required would be 
heavier aad more bulky than desired anc that the time lag would 
be too long. Conse queatly, we will aot give any further con- 
sideration to fire detecting systems which operate on this principle. 
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Considerable experimental work hes been done on the develop= 


ment of a method for detecting combustible vapors in aireraft 
Compartments. Although @ prototype instrument which met the 
requirements for sensitivity, accuracy, ond independence of alti- 
bude Wes Constructed, it was much heavier, more paly's end sore 
elaborate than could be tolerated on aircraft. in addition the 
time lag was about ose minute. In spite of the fact that a de- 
tecting system thet would inéicete the presenee of coubustible 
Vepors before explosive wixtures cowld actuwawlate might aid 
materially in preventing fires, we will ast consider it any 
further here, because we are wmeble to visualize a suitable system 
for aircraft. , Fed teat? . 


6.4 Ionization Bi Per i: 7 


Fire detecting systemg waich utilize the abacrmally high 
fenivatien that existe in the reaction zones of hydrocarbon 
flames appear very attractive because this effect can be. defini- 
teiy distinguished from any background effects anc¢ because of the 
very rapid response obtained with such systems. owever, systems 
utilizing the concuetion aad rectification effects of flames have 
asi tiens #02 3 Gee tne waeae fire tests simulating flight 
eondi tions Fi.2. 3gityl fe The unsatisfactory reeuits obtained 
wits systeus operatine on this flame effect have becn attributed 
tot {a} ¥Yaeilure of the evstem to detect fires under certain 
gonditions, (b) False alarms resulting from low insulation 
resistance, (¢) Indications of "fire-out" when fire still ex- 
isted in the compartuente 


. Bines systews operating on this flame effect derend upor 
the flame completing an electric cireult between an clectrode and 
the alreraft structure, failure of the systeu to cetect a fire 
and indications of "fire-out" when a fire st111 existed would in- 
dicate that the flame path was such that it a4d not complete the 
eirewit or, if Tt did, the lodization was aot sufficient to oper-- 
ate the circuit. In our experiments it was found that for a siven 
eirenit (potentiel difference, size, and spacing of electrodes) 
the current varied by a factor of 100 depending primarily upon tle 
area of the cathode contected by the flame. : 
It is eonceivable that false alarms resultins from low in- 
sulation resistence smicht be avoided by the choles of proper 
eircultry or by coating the electrode with a porcelain enaanel 
that would have « very high resistance et normal operating tempera- 
tures but a sufficientiy low resistance to permit the system to 
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operate at the temperatures attained in a fire. The latter would 
require two flame effects in order to operate; (a) heating the 
enamel on the electrode to a temperature high enough to be 
sufficiently conducting and (b) the ionization effect of the 
flaue. Although this aight eliainate false alarms, it would aot 
give any assurance that the system would be completely dependable 
in indicating fire because its operation depenia upon the flaze 
contacting au insulated electrode aid the aircraft structure. 
Another disadvantage of this system is that the electrode or 
contact eable must be mounted on standoff insulators. The system 
is, therefore, subject to damage during maintenance operations. 
Since ionized flame gases absorb, and sowetines reflect, 
end Mme frequency electromagnetic waves, it has been suggested 
that this principle might be utilized in a fire detecting system. 
tue ‘problem of Geveloping such a system that would operate in any 
Gigine compartweat, irrespective of size or shape, appears, from 
our mowledge of the subject, too complex. In addition, it does 
ila pe a such a system would be suitable for use in mili- 
tary aireraft because of possible interference with radar cpers~ 
tions and of susceptibility of detection by the enemy. 
 , Binee the ionization that exists in a flame is one character- 
istic that distincuishes it from any background effects, the 
possibility of utilising tais prineiple in a fire detecting 
system should not be completely dismissed simply because we, at 
the present tiae, ere unable to conceive a practical and reli- 
able system. ; : | 


G5 


Host of the fire detecting systeas that bave been proposed 
for use on aircraft depend upon a flame contacting some tempera- 
ture-sensitive element and heating 11 to some predetermined 
teaperature level or at a rate greater than that encountered in 
norgal operation. Fire teste under simulated flight conditions 
have been made on those systems that appeared to be the more 
practical. It has been clearly demonstrated that, for these 
systems to operate with any degree of dependability, the flame 
must actually contact the temperature sensitive element. “he 
Tete of heating of an element by a flame coming very close to it 
was iusufficient to produce 4a signal within any reasonable period 
of time, if at ail. 


Tt was pointed out in Section IV that, for any given tempere- 
ture~sonsitive element, the rate of temperature rise inereases 
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with the temperature and the mass velocity of the heated gas 
surrounding ite Consequently, ia order to improve the proba- 
bility of the flame contacting aa element end to increase its 
rate of response, it must be located in the fire zone end at 

some distance from the surface from waleh it is supported. This 
means that the elements are so located that they are most vulner- 
able to damage durine a fire and during aormal maintenance - 
operations. In addition the electrical cable connecting unit 


type detectors is also subject to fire damece. 


«Et was also pointed out im Section IV that the speed of 
response of a tenperature-sensitive elemeat is also increased 
by iuereasing the ratio of the surface area to the total heat 
capacity. However, the stresses which an elesgent must withstand 
ig noraal service as well as during a fire, plece a practical _ 
dimit upon such means of inereasing the speed of response. 


‘The probability of a tempereture-sensitive element detecting 
a fire and its speed of response can be increased by desiguins 
or adjusting the system to respond to @ smaller differential 
between the heating effects attributable to fire and those 
attributable to normal operations. iowever, this sethod also 
increases the probability of false alarms due to safe but ab- 


1 


normal operations. — 


. Although the mechanical and electrical features of present 
fire detecting systems that operate on flame contact might be 
improved, it is questionable that any such system caa be made 
completely dependable im all engine compartwents without elaborate 
fire tests to determine the flame paths under all operational 
couditioas., ven then, the flame paths may be such as to require 
more fire Getecting elements than can be tolerated. 


. day evaluation of fire detectiag systems that we might make 
as @ result of cur anelysis of flame characteristics should. uot 
contravene the evaluations of fire detecting systeas based upon 
tests under simulated flight conditions. Gne of the latest 
evalustions of this type was made with different fire cetecting 
systems in a Lockheed constitution by L. E. Tarbell £5_/. The 
general results reported by other investigators of similar fire 
detecting systems in other aircraft are aot ineousistent with 
those reported by Tarbell. The following quotetions were taken 
from this report. — 

"Ia general, unit detectors ¢an be used advantageously in 
sal] enclosed spaces. In large compartments, unless the units 
are spaced quite close together, there is a strong possibility 
that a fire my pass between two adjacent units without causing 
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where GS is the solid angle subtended by the source at the re- 
eeiver, %) is the average spectral radiance of the source in 

the direction of the receiver at wavelength) , and T, is 

the spectral transmittance of the envelope -at-wavelenzth \)=-— 
Values of od will vary-greatly depending upoa the-teaperature 
and the nature of the source, dnd those of Ty will also vary 
greatiy depending upon the envelope material and the accumulation 
of foreign material thereon. For the purpose of discussion, it 
is eonvenieat to i cma equation (6G) by the followiag 


w = HOG - he) “Ma =-hy) 8 —— 


where vat ir Ao) is the average tranuntttance of the envelope 
in the wavelength region (\y-Xs5) determined from the trans- 
mittance curve of ‘the envelope and the spectral distribution 

of the radiant euergy of the source and-icy p= )4) As the 

average radiance of the source’ in the sane wavelefigth reg gion 

cad the diresticn ox the Tecciver. x — 


: In the same manner , ‘the peaponae, Ay of ae give redetviag | 
elenent can be written as | iyo ‘Ag 


DRE aa - hz) © Fa -A2) "Or ag) Bg = dad (8) 


| 


where R(} yds. he average respoase per unit of radiant 
flux (hand p u the wavelength iaterval Oa + "aes for the 
distributioa/of radiant flux ee by: ee and 
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sb though ehh duoait ar ridtant flux emitted by a flame 
at wavelen; gths less than 0.29 micron Is extremely small com- 
pared to the total emitted at all wavelengths, it is still 
ereater thaw that in sunlight at the earth's surface and that 
from any heated parts in eagine compartments. Consequently, 
methods of utilizing the eaergy emitted by flames in this wave- 
length region have been very Attractive. At the present time, 
however, there /appears to be, at least, one practical disadvan- 
tage to "aayometho utiliziag the energy emitted in this wave- 
length region, @séd that is, the abserption of the radiant. 
energy by o11 and grease films, on the envelope of the detector. 


the transmittance curves for some very thin oil filas are 
shown ia —— SE ‘Whe oll filws were formed- by coverdiag oae | 


i { 3} ye NF ; ) ff 
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FIG.26 SPECTRAL TRANSMITTANCE OF OIL FILMS, VISIBILITY, 
SOLAR IRRADIANCE AND RESPONSE OF GEIGER-MULLER TUBE 


surface of a quart2 window with the ofl and sapporting it 

at room temperature 1a a vertical plane while the oil drained 
for periods of time indicated on the curves. The o41 filas 
formed with the clean oils were hardly detectable with the 
unaided eye. Ueavier oils and greases transmit less radiant 
energy in this wavelength region. | 


fhe relative response cugve of a Geiger~Muller tube of 
the type described by Weisz Gea is also Shown in Figs 26.. 
It is seen that some of the thin o11 films (without any dirt) 
eo absorb practically all the radiant energy below 0.29 
MLOUP Oe 


 : ®ome experiments were gacde with a Seiger-Muller tube... . 
when the tube was at nknonpher?s temperatures, flames as small 
as those of.a lighted match were readily detectec in a normally 
lighted room or in sunlight. Uowever, when the temperature 

of the particular. G-M tube used was raised to 1yO°F (coe), 

it becane completely insensitive to radiant energy from flames. 
Upon eooling to a lower +t rature, it regesined its senusi- 

pie bt No other experiments were made with this type of ~ 
etector. Sidemea = 


Referring to equation (3), (o.0,29) from the sun at the 
earth's surface and from heatec engine parts is negligible. 
Although ¥(0-0.29) from flames is small, it is sufficient to be 
detected with Gelger-Muller tubes which have an appreciable 
respoase. F (0-04.29) at atmospheric temperatures. However, at 
aubleat temperatures above 190°F, H(G-0,29) became negligible*. 
241 films or soot deposita on the envelope reduces T(o.9,29) 


to a negligible quantity. 


Although the energy emitted py diffusion flames in the 
wave een tenes below 0.29 micron was readily detected by a 
Gelger-Muller tube, uo-enersy from these flames was detected 
i ae a ce cate ang the filter deseribed in 
Section Zeledeee Mm the other hand, there was sufficient 
energy radiated at these wavelengths by premixed fiames to be 
measurable by means of this equipment (see Table &). Although 
the optical properties of the filter described in Section — 
3e1.2.2 have been remarkably stable for about one year under 
laboratory conéitions, no such filter composed of aqueous solu- 
tiens can be expected to retain its wormal properties at 
temperatures much above 100°C or below C°C. No suitable — 


*It is understood that some experiuental tubes have operated 
satisfactorily et much higher temperatures. 3 
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solid filters for this region are kiown to the authors. 


Secause of these factors, Gelger-Muller tubes are uore 
suitable than filtered photocells for selective response to 
energy of these wavelengths, but in either case, the low 
transmittance of o11 and soot filus in this region prevents 
direct applications of these devices in engine spaces unless 
poe acert palm taken to remove such films or prevent their 

OP MA UL@iLe o 


It may be concluded that no practical method of utilizing 
the radiant energy from flames ia the wavelength region below 
0.29 mleron for detecting accidental fire ia aircraft engine 
Spaces is apparent to the authors. : 


GeGeolee Amount of Radiant Flus fro 


early all flames emit energy in the region of the spectrun 
froa 0.3 to Ge? mieron and there are a aumber of methods of 
detecting such energye -lowever, very thin soot films absorb 
strongly in this region and, siace this region contains a 
jarge part of the energy from the sun, the problem of inter-. 
ference froa this source must be considered. | 


the visible spectran includes most of tails region, the 
ponse of the normal eye extending from about 0.4% to about 0.7 
th @ maximaa at about 0.55 micron. fhe radiant flux 
density on a surface evaluated in terms of the response of the 
eye is known as the illusination and may be expressed in foot 
candles, one foot candle being the illusinatioa at one foot 
from a one candlepower source. The maximum illumination just 
outside the earth's atmosphere due to the sun has been found by 
calculation to average about 13,600 foot candles. At the 
earth's surface, the maxiaua iliuninatioa on a clear day is 
about .10,000 foot cnadles, about 90 percent of which is due to 
direct rays from the sune The remainder, being seattered light 
from the sky, contains practically no infrered. in contrast 
to these values, the illwaination at one meter from the flames 
obtained by burning gesoline in the 6 ineh burver previously 
described was 3.6 foot candles in still air, 25 foot candles i: 
pray 5 wind, and 21 foot candles in a 20 mph wind. Hlein 1; 
found that the waximun illumination at the lecation of photo- 
voltaic cells within an engine compartment during several fires 
was 50 to 100 foot candles. This indicates the necessity of 
cunstenyi he daylight, both skylight and direet sunlight, as a 
source of interference in all systems designed to detect radia- 
tion in the visible part of the spectrum. 
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Most receivers used for the measurement of illuwaination 
are of the photosensitive type. The amount of radiant energy 
in this wavelength interval can be measured readily in the 
laboratory with thermosensitive receivers. (A thermosensitive 
receiver is one in which radiant enerey is converted into heat 
that produces a difference in temperature within the receiver. 
The magnitude of this temperature difference is a measure of 
the net radiant flux received). “owever, the amount of radiant 
flux fron flames in this wavelength Interval is so small that 
the devices are too delicate for aircraft applications. ‘mly 
about 0.05 percent of the total energy radiated by a diffusion 
flame is in the wavelength region below 0.7 micron aad less 
than this in premixed flames. : 


6.60103 


- Most of the enerey radiated by flawes is in the iafra- 
ted portion of the spectrums ‘The same is true of the energy 
rediated by heated engine parts, although the amount of radiant 
flux from each source in each wavelength band is not necessarily 
the same. pret reap if a radiation device depending upoa 
the amount of radiant flux received is to be used for the de- 
tection of fires, it must be provided with means of distinguishing 
between the radiant energy from the flames and that from the 
engines octet Although the amount of radiant flux from an 
accidental fire and from the engine parts at the time the fire 
eceurs cannot be controlled, it is possible to control, by the 
selection of an envelope material and/or filters, the wavelength 
band of the radiant flux ineident upon the receiver and by 
the selection of a receiver, the response characteristics of 

the receiver. 


: Receivers that aight be used in the infrared portion of 
the spectrua gay be divided into two general types: Photo- 
sensitive and Thermosensitive. 2f the general classes of 

hotesensitive detectors, the photovoltaic and photoelectric 
sypes are of no special interest for the infrared detection of 
flames because neither respond to exergy of wavelengths greater . 
than 1.2 microns. There are, however, three well known types 
of photoconductive calls which are sensitive at much longer 
wavelengths: lead sulfide, lead selenide, and lead telluride 
eells. The last two may be discounted because they do aot have 
a usable photoconductivity unless cooled to at least -76°C 

and are generally operated at -190°C in a vacuum. The lead 
sulfide cell, sensitive from about 0.5 to about 3.0 microns, 

is operable under normal atmospheric conditions and is 
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eomseretally available. ‘the seasitivity depends ooamiha’ oa the 
witala the waage given above aad upen the aszieat 

vouperature. one ‘aximes teaperature at woien it is claiged ts 

ie usefal is Worr, 


The respoase af a therasseasitive raciation receiver depends 
wpon the aet transfer of rediaat flex from the source to the re- 
e@lver. if the tong tl ne the mpokgr gas viewed by it are ae 


iia 4 ae >» ya if, wader auch eoatibtenas 
& — appoare be | the be ghars awl the receiver, it wiil 
respoad to the racimat flux froa the flaae. in taie case, tae 
flux Geasity at the receiver wee be gives approximately by 
cepatics nd where J¢ dy ng) As the radiaace of the flame aad 
o le tee a0iid angle su tesa by ate 


the response of thermssensitive receivers, per wait of act 
tediaut flux received, cas be aade practically iacepemiert af the 
waveleagts of the radiasgt energy end of the ambient teaperaiure 
af tse receiver. In general feceivers of tals type are sot seasitive 
to Padieat exergy from Lhe but they are seasitive to cirect 
radiast eaergy from the sua. the flax deasity of solar radiant 
vatteat. oral incidences on 1 the aaren's surface ia shout airs 


Daring 6 dla eagiae wara-upy the teaperature of he receiver 
dag that of the engine per, @ such anexteat that the radiant 

flux from the regeiver is segligibdle compared to that received 

feos the baekgrousd. ia tale case ee Peacdast flux density at 

the reoeiver would be givea approxiaavely by equation (7) where 

204 a gp Se tae nensneee of _beckarowsd aaa © da the solid 


er b> be bility of such 4 cosditiea aust 
te asaaged, ane is gti ad sapletely dependable, a fire 


Frith ing _— aast paNete a fire wi under tie mast adverse eons 
BaSe 


ia srder to affectiveiy utilize the agsowst of padiast flux 
froa a flaze da @ fire detectiag system, the siaiaus eavunt incident. 
@poa the receiver from a flage — Bec te te ereater than the 


aeximan aaguat received shane py Beg Om%Ge leferriang to equa- 
ties (5), the samiaun res — eaersy from the back 
ground would at te seeur egy he Kk ware-up ia which heated 


engiae parte soapletely f111 the fie: of view of the receiver aad 
when the aren twa lope ia clean. The siuiwang response froa a 
fire would sceur with « flame which only occupied « email 
ptt of the fiel4é of view ef the receiver and with the winder 
yori covered with particles of Girt and/er seat. Although 

! iuia ise of fire tiat ‘aight ceeur in an aireraft engise 
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has not been established, it will be assumed, quite arbitrarily, 
that it will oceupy act less thaa 1/5 the field of view of a 
receiver. In sueh a case, the ainiman solid mais Me in equation 
(S$) for a fleme will be 5 that for the baekgre 


Values of the radiance of blackbodies at different ~~ ara 

tures ere given ia Table 6 and those observed for various flames 
ate given in Tables 1, 2, 3, and 4. Although the engine parts do 
aot radiate as a blackbody, the Pay aa of alualnun covered with 
an o11 film is cpveniaately C.6 L774 (The emissivity of clean 
aluminua, cast or wrought, is generally legs than 0.1 at any tempera- 
ture which might be encountered in service). If some dirt parti- 
cles are added to the oil film, the emissivity will be increased 
possibly to us auch as 0.5. Consequently, the radiance of heated 
engine parts will not differ ey from that of a tial at 
the same temperature. 


The transaittance of the redberes envelope will depemi to 
some extent upon the type and amount of foreign mterial whieh 
accumulates on its surfaces The transmittance sf the envelope 
in the infrared is not greatly affected by of1 films. According 
to Plyler and Ball /73/, the transmittance of a layer of carbon 
black (that transmitted only 0.1 pereent in the visible spectrun) 
wes greater than 70 percent at wavelengths fron 16 to 39 microas. 
However, the transmittance of the same layer of carbon black de- 
ereased from about 50 percent at 4 microns to a uegligible amount 
at Ge7 ticroau in the present work some measurements were mice of 
the transmittance of radiant energy by soot filsgs gyn. on @ 
quarts plate in a natural gas diffusion fleme. @ with a 
transmittance of 1.0 percent in the visible eat Rea transmitted | 
k2 percent of the enercy radiated by a gasoline 4iffusion flame 
ané received through 2 ek The same film transmitted 
0 pice: A ef such rediant ene received through @ quartz 

window. In general, the ciara ‘ttences of a file of aay thickness 
in these three regions of the spectrun of radiant energy from a 
gesoline diffusion flene were found to be relatec es follows: 


‘Log fo = 0.80 log Tp = O15 log 2 


where Ip, I » and Ty are the transmittaaces for the energy received 
through bees A a and pyrer, 2 yrex, and the ee region, respectively, and 
the logerithas may gion to auy base 


In the wavelength region 0 to 2.6 microas (the approxinate 
limits establisked by the transmittance of a bsp window), tae 
normal radiance observed for premixed flames rauged from 0.02 to 
OedS watt/(cuc-stera edges) and that for the adffusion flames from 
0.3% to 1/30 watt/(em-steradian), compared to 0.0037, 0.072, and 


vas) 


0.30 watt/(em*=-steradian) for blackbodies at 600°, 1000°, and 

1300°F, respectively. Thus, if tne factors T (0-246) 33 (0-2-6) 

and 5 da equation (3) were constaat ia service and the same for the 
background in the field of view of the receiver as for a fire, the 
radiance and consequently the minimum response of the receiver for 
premixed flames would be approximately 5 times that of a background 
at 600°, and for diffusion flames approximately 90 times that of 
2 blackbody at 600°F. lowever, 1f the background is raised to 
1000°F, these ratios are reduced by a factor of about 20, ead if 

it is raised to 1300°F, they are reduced by a factor of about oO. 


According to reference £737, the ratio of the transmittance 
of a clean pyrex window, in the wavelength interval 0 to 2.6 
mierous, to that of one with a thick soot deposit might be as 
great ag GO. If the solid angle, 8, subtended by the flame at the 
receiver were only 1/5 the solid angle subtended by the background, 
the product, 1 (982.6) 5, could vary by a factor of about 40. Con- 
sequently, if the background does not exceed GO0O°F and if it can 
be assured that the flame is of the diffusion type and that it wiil 
oceupy at least 1/5 the field of view, the amount of radiant flux 
in this wavelength region might be used to distinguish between the 
rediaat energy from a fire and that from the background. ‘ince an 
accidental fire cannot be depended upon to fulfili all the above 
requirements, the use of such a system is apt recommended. 


In the wavelength region © to 3.6 aierons (the approximate 
limits established by the transmittance of a fused silica window), 
the aormal iy pe observed for premixed flames ranged from 06.06 
to O47 watt/ (em ssyergties: and that for diffusion flames from 
OchS to 2676 watts/(em“-steradian) compared to 0.025, 0.23, aad 
0.70 watt/(eme-steradian) for blackbodies at 600°, 1000°, and 
1306°F respectively. The minimus radiance for the premixed flames 
was about 2.4 times that of a background at 600°F and for the 
agiffusion flames approximately ¢O times that of a blackbody at 
00°F, If the background is raised to 1O00°F, these ratios are 
reduced by a factor of about 10, and if it is raised to 1300°F 
they are reduced by a factor of about 26. 


In this case, the ratio of the transaittance of a cleon fused 
silice window, in the wavelength interval 0 to 3.6 microns, to 
that of one with a thick soot deposit might be as great as % If 
it is assumed agein that the solid anzle subtended by a flame is 
V5 of that subtended by the background, the product, 2 (0-348) S, 
might vary by as mach as 20. Under the most adverse conditions, 
then, the maximum amount of radiant flux received from the back- 
ground at 600°F would be nearly equal to that from a diffusion 
flame occupying 1/5 the field of view with the receiver envelope 
Girty. 
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im the wavelength region 0 to 5.5 siierons {the aporoximate 
limite established by the transaittance of a caiciwe fiucride win- 
dow), ‘the noraal radiance: — for oremixec fienes ine 

from 0.27 to 1.27 watts/(< eragien), @nd treat for diffusion 
vranes from 0.77 to 3.57 Sy. wates/to ‘~ateredian), | compared $0..0.d5. 
a, And Sse and £48 eaktes fem? -ster } for ‘plackbodies at. 
LOOG 1300 F, puapeshivela,, ‘Phe miniwun radiance for the 
premixed rep smo was about 2 times that of a blackbody at 600° F 
end: for the diffusion Plases approximately % times that of a 
blacebody at 600° i. 


WO Te Bate ease the: ratio an the: trensmittence. of. & eileen: ¢ei- 
. @ium Plueride window in the wave. £0 intervai O fo 9.5 Bicone , 
to thet of on@ with @ thick soot. deposit wight be go preset as. 2. 
tf 14 is ossamed thet the solic augie aubtended by a Tiame is 
1/5 of thet subtended by the background, the yroduct , £(0-9.5) 3, 
sight very by ed ‘Bue. asl. Under the mont adverse conditions, 
bxinun amount of radiant flux received from the backerouns 
- 60°F ee.” pe malay: 2 tines ‘the minimum received frets 2 
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 greuter than the dindsur whish we have used in tle. above 

autent ion, we feel that the aapertasniy. ix ‘the transmittance. of 
the @nvelose ema in the soisc - tended ey the five is. so 
(pest thet the reliebliity of a ime oh a pa eyetem which uti- 
Lises the saount of radiant rch imeident upen a receiver to 
eotuate en alar. da questionable. fae accumulation. of soot on 
the envelope during 4 fire end ‘tke reduction in tpe wise of the. 
five during extinguishing or Wises ney result in @ Paise dnudi- 
@etion of “fire-out", The accumulation of soot on the envelope 
curing © fire may De sufficient to prevent the system from giving 
tm alarm if a second Fire occurs. 


6,6,2 Ratio of Radiant Tetensthies in two Wavelength unt 
“singe — waited dba isha we the ractsint anergy Pron a 

fitme ts not identics] with thet of the heated parts or of solar 

Padient energy, fire detecting syoteums Which depend upon be ratio 
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of the radiant flux in 2 selected wavelength intervals for their 
operation have been proposed. Testis of such oat ystems 

have beea made wider simulated flight conditioas le, 7. Al- 
though the results of tests of early experimental models appeared 
encouraging, and although the principle appears sound, such systens 
have mot been developed to a stage where they will witnstend the 
conditions encountered in aircraft operations. Some of the diffi- 
culties are given below. 


the 2 different wavelength intervals may be established by 
the selection of suitable envelopes and filters, by the selection 
of 2 receivers with suitable response characteristics, oY a com 
binetion of these methods. Any change in the ratio of the trans- 
mittances of the 2 envelopes or filters will affect the operation 
of the system, irrespective of the type of receivers employed. 
Baclosing the receivers and filters in a single envelope will sot 
eutirely eliminate the changes in the ratio of the transnlttances 
for 2 different wavelength intervals because of the selective 
absorption of deposits of foreign materials on the envelope. ing 
transmittance curves of o11 films, Mig. 26, and soot depositsZ72/ 
are examples. = * ik 


Any e¢hanges in the sensitivity of the receivers as a result 
of operational conditions, ambient temperature, etc., will affect 
the there of the system. The system must be so balanced that 
it will not operate when exposed to direct radiant energy from 
the sky or heated engine parts or to reflected radiant energy . 
from selectively reflecting surfaces. 


In the present investigation, the epproximate ratio of the 
radiant intensities in wavelength intervals 0.55 to Oe7 aud 0.4 
to 0.55 micron ranged from less than 0.01 to 0.5 for the premixed 
flames and from 3 te 220 for the diffusion flames. There is no 
reason to believe that flames cannot be producec in which the 
ratios of the averace intensities is between 0.9 and 3 for these 
wavelength intervals. This ratio for daylight is approximately 
ones VUonsequently, it is questionable that a system utilizing 
these two wavelength intervals in the visible spectrum will detect 
both blue and yellow flames and still not operate whea exposed to 
suclight. <A heavy soot deposit on the envelope would render such 
& system inoperative. , 


sinee most of the energy radiated by flames is in the infrared 
gees of the spectruy and since the transmittance of soot filus 
$ mueh higher in the infrared than in the visible portion of the 
spectrum, the possibilities of utilizing the ratio of the radiant 
pe in two wavelength intervals in the infrared warrant considera- 
ae 
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‘. iC il, le, dad 15, aad the ratios | (One 627 1(o (O=905)s 
A 8)/8 (G=9, T(Qa2 6 sid respectively 

pred ( Or Pteeeat t veer s of : ph) a tunkhekoa at 
citrarent Pre. it will be be soted that each of these 
ratios for premixed flames is about the same as that for a 
blackbody in the temperature range 600° to 1000°F, However, 

these ratios for diffusion flames are all higher than the 
_ @orresponding ratios for a blackbody at 1300°F. Consequeatly, 
if accidental aircraft fires were always of the diffusion tyre 
and if the ratio of the transmittances of the envelopes in. 
the different wavelength intervals were constant, a fire de- 
-teeting system utilizing any one of these ratios of radiant 
fiux for its operation should be reliable. iv for a 
—. atiee, as — referred to in reference ee i, 

Qee.6 0 & equsi © Goou ai 0697 U= 92). 
ag B(6~2.657 a3.) are each equal to about 173: ~s ae EE 
| Patios of tanees are multiplied by the oseaias 
ratios of radiances for diffusion flames, the product is 
approximately the saue as that for a blackbody in the tempera- 
ture range S00° to 1000°PF without soot on the envelopes. VUon- 
sequently, if the eavelope of the receivers is covered with 
soot during a fire, the system might indicate a “fire-out" 
pope fire still existed aad it might sot respond to @ second 

Les | 


606.3 


the mae’ ef the radiant energy froa flames that has re- 
eeived the most attention in the development of fire detecting 
systems for aircraft is the flicker. According to reports of 
tests under simulated flight conditions, 74,5,¢7/ a fire de- 
tecting system utilizing a photoconductive geil and frequency 
Selective circuitry will detect fires when they secur in aa 
aircraft engine compartment and will indicate when they are 
extinguished, as long as the receiver is not made insensitive 
by overheating. It has been reported that such systems are 
Subject to oeeasilonal false alarms under certain conditions 
but some of these conditions and the sethods of prevention of 
false alarms resulting from them seem to be feirly well known. 
Sxeept for these limitations, this type of fire detecting 
een See to meet aost of the requirements of the Air 
Oree. 


In the present work flicker was readily observed in all 
the hydrocarbon flames. studied. the principal flicker maxima 
of all flames was between 3 and 25 epse The ratio of flicker 
(RMS values) to average radiant intensity was greater than 
O.2 for all diffusion flames on liquid fuel. m the basis of 
these observations, it appears that flicker detection is a 
sound operating principle. 
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Tt. has been claimed that the tendency to give false indi- 
cation of fire ia rain conditions has been eliminated in sone 
installations gh gps: tied loeating the receivers. Xeports 
of false alarms on aircraft flying over lighted cities at. 
aight have been attributed to unnecessarily high sensitivity, 
& factor whieh ean be controlled. 


there are at least two methods of circumventiag the over- 
heat problem. One aow under coasideratioa is to locate the 
Getectors behind the fire-wall ia the eooler accessory con~ 
partment. Another methed which might be considered is the use 
of theruoseasitive radiation receivers that retain their sen- 
sitivity at high temperatures. This would also craatly reduce 
the probability of Zalse alarms due to moduled radiant flux 
from the sky or other sources outside the engine compartment. 
However, it would not necessarily eliminate the possibility 
of false alarms resulting from rain conditions. It would be 
necessary that such a receiver have a sufficlently sanll tine 
constant to respond adecuately at the required frequencies. 
it has been reported that thermistor type bolometers with time 


constants of 3.5 milliseconds have been constructed. This 
time constant is of the order required for the detection of the 
flicker of flanes. | . 


At the present time, cevices utilizing the flicker 
characteristics of flemes are more highly developed than 
Geteciors operating on any other radiation characteristic; 
nonetheless, it is very likely that any Gevice which is sen- 
‘gitive to modulated radiant enersy in the very near lafrared 
only will be sensitive to certain amounts of modulated radiant 
euergy from the sky anc other sources as well as to that fron 
flames. Oaly flight tests under actual service conditions 
will establish the reliability of such systeus. 


GoGo Rate of Chance in Regiant Pius 


One eharaeteristie of an aireraft fire that appears to 
warrant consideration as the operating principle of a fire 
deteeting system is the suddenness with which such a fire 
attains its full radiant inteugity. Although the rate of 
temperature rise of elements contacted by flames has been used 
in fire detecting systems, as far as we Know, the use of the 
rate of increase in the ratiieat intensity of flames has mot 
been mentioned in the literature. 


Measurementa made on diffusion flames of “ot hydro- 
carbon fuels indicated that they attained their full intensity 
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aa Oe2 te at. BeGosd after ignition. altheugh tie sorsad ra- 
i300"? aay te & temp re in hen panes ao te 


bout 300 “tinea that of the sapten cs, “peavded 
the ‘radiance af euch attalug tee sane pat ' 


oa Fie avernas. reten of daerease ia the — red adience ob 
serves for tims difterest types of flame anc for a blac 
% 2 at temperatures are a“ as Tesle it. Aas "bees 
asegued that the on weainaee of ie fleses wae atteineé is 
Ges Segond ec6 that of the plackbedies in ose sisuie. Sines 
= esisgivity of eugine parte is less then that of a black- 

oy, the values of | Eite ocd tee rete of isereass ia it 

od be leas Chas beese of a blackbody at th ace texperature. 


sea @ fire starts in aa eagine space viewea by & receiver, 
the imsediate echaage ia the radiant fiax density, is ony wave- 
leagts Laterval s a shes at the onnaied ia given by 


it * ect dz). Gp ali ‘e%) :. OF 


waere oy ia the eolia ‘bagle subteaéed ay the fleas at the re~ 

ceiver, ami io the wavelecgts interval, 4 =o, Og = de} 

is the traneaittence of toe receiver Seles etn we 58 the ya 
. radiases rd ome SAAN > “= 18 toe fragtica of radians 


— 
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cluve for tae ather ‘i cigua ve ion 
"TO con ieee. 


Bquatian @) does act depend apoa the set transfer of 
tadiest flex betweea the baechyround and the receiver. [If the 
five breaks out wees the beackgrowsd and receiver are at the sas 
temperature, then Ww is the oaly aet flux at the receiver. if 


os 


, 
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Table 10 
Average Sate of Increase in Normal Radiance 
3 
Flames and blackbodies 


ss Sea, Source of : #ormal Average Rate+ of 
laterv Radiant. — Radianee Inerease in 


iieroas — Guergy — watt/ Coat ~ateradian) medsanon 


0-2.6 


Petits ds Oel-0.75 
; Os 34=1.80 le (Ge 
200° F: 0.0037 6.0000 
BB at 10 : 0.072 0.0 
BB at 1300°F 0.36 G2 005 
O=340 Premixed Flames 0.06-0.47 Oe 3~2 ot 
viffusioa Flames O45-2.75 Zettel, 
BB at G00°F 0,025 6.0004 
53 at 1000°# Gers 6.004 
GB at 1300°F Oe 7O — O12 
O<9-5 Premixed Flames . Oc2 71.27 : ; 163-63 
Jiffusion sane 007793287 30-19. 
BB at 6o0°H 0.15 0.0025 
BB at 1OcGo*’r 0.66 0.011 
BS - booer 1.45 G,.025 


lagged upon the pattionsis of flames attaluing the valves in Coluna 3 
in 6.2 sec and that of the blackbodies attaining the values in 
Colwan 3 in one minutes 
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If a fire is to be detected as early as possible, the detec- 
ting system shoulce initiate its cycle of operation at the instant 
of ignition. Figure <3 shows an oscillographic record of the 
radiant intensity of a fire from the instant of ignition. Two 
significant features of this record are (a) the rapid rate of 
inerease in the intensity during the first 1/4 second after 
ignition, end (b) the flicker that follows. It is believed that 
this combination of characteristics is peculiar to a fire ani 
that 1t would not be duplicated by radiant eaergy from the 
engine parts. 


Rain in the eagiae space sight modulate beckground radiant 
fiux at the receiver, slmulating the flicker of a flame, wut if 
$9, this phenomenon would accompany a decrease in radiant flux 
rather than an increase. 


A sudden break in the skin of the engine compartment might 
roduce a rapid Increase in the radiant energy; from the sky. If, 
y chance, tais energy were modulated by some means or if the air- 

eraft were exposed to guifire, simulated flicker could follow. 
Most of the radiant energy from the sky would be in the visible 
and near infrared parts of the spectrun and the amount of radiant 
flux from the sky ineideat upon a receiver viewing aa engine 
Space would be far less than that from a flame within tne engine 
space. Since flames emit considerable aacunts of exerey farther 
in the infrared, 1t should be possible to discriminate between 
these circumstances and the outbreak of fire by selecting re- 
ceivers with the proper spectral response. A thermosensitive 
receiver could have sufficient sensitivity in the infrared to 
detect « fire in an engine compartment and still uot be appreci- 
ably effeeted by radiant energy from the sky or from gunfire. 
Such a receiver would probably be appreciably effected if 
Sighted directly at the sun or a nearby shelibursi. ‘owever, 
since the receiver would normally be sighted at aa engine part, 
it would aot be sighted directly at these other sources unless 
the engine part were missing. 


if beth the initial rate of increase in the radiant flux 
and the flicker for several cycles are required to give an 
a@lara, a flash of flame in the nacelle without any ensuing fire 
would aot result in an alarm because of the absence of the 
several cycles of flicker. 


By combining in a fire detecting system the initial rate 
of inerease in radiant flux with the flicker it should be : 
essible to elimlaate.readily maay of the possible causes of 

alse alarms in the flicker type fire detecting system. 


oS 


_. signal in ease esis ene was Tcsbuinipace’ : 


According to reports, written end verbal, the existing flicker 
fire detecting system has been reliable in indicating “fire-out", 
provided the photoconductive cell was not overheated. if, in 
the absence of a suitable thermosensitive receiver, 4 photo- 
conductive eel] is used to detect flicker, it should be so ioca- 
ted that it will not be overheated. 


; The fire detecting systes envisioned here would require 
two interlocking circuits; one which is actuated by the —— 
rete of increase in the radiant energy end the other by the 


flicker. The circuits could be arrange a to. asnes & warning 
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SECTION Vii 
SUMMARY 


it bas been demonstrated in fire tests under simulated Tiight 

conditions that fire detecting systems which depend upon e flame 
contacting & sensing element for their operation may be used ad- 
vyantageously in certain locations on aircraft. However, in large 
compartments, where the fire may not completely fill the space 

and the flame paths ara uncertain, there is elways @ possibility 
that the flame may net contact the sensing element sufficiently 

to register an alarm. Another disadvantage of systems of this 
type is that, in order to be reasonably effective, the sensing 
elements must be located in the fire gone and separated from the 
surfaces from which they are supported. Im such locations, the 
glements interfere with normal maintenance operations and are sub- 
ject to damage during such operations, im addition to being exposed 
to the fali tatannity ef a fire. A further disadvantace of such 

systems is that each new type of nacelle wust be tested to determine 
the most probable flame paths and the most effective iocetions of 
the sensing elements. 


it has also been dewonstrated that fire detecting ayetems 
which atilize the radiant energy frou flames for their operation 
have certain distiuct advantages and avoid the disadvantages 
enumerated above. Hovever, fire detecting systems of this type 
have some disaGvantages of their own, A study of the character- 
istics of flemes that might be utilised in fire detecting systeus 
and en evaluation of the various systems with due consideration 
of the requirementa of the Air Force vevealed that fire detecting 
systems which utilised only one i gen of a Pleme were 
lecking in some respect. Consequently, in order to circumvent 
such deficiencies, it is recomended thet two characteristics 
of a Flame, the initisl increase in the radiant intensity of a 
flame anc the flicker of the flame that follows, be utilized in 
@ fire detecting aystem for Air Force Aircraft. 


in order to utliige these two flame characteristics in a 
fire eovest oe system suiteble for Air Force operations, the 
radiant energy receivers must withstand ambient temperatures 
up to 800° F (and possibly eventually 1000° F) and still have 
sufficient sensitivity when e fire octurs. The time constant 
ot the recelyer which responds to the flicker of the flame should 
be of the order of 0.005 second, and, although this ia less than 
thet required of 4 receiver to pasoond to the rate of increase 
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that of fused silica, about 4 mlerons. If thermosensitive re- 
celvers are used there would be no need of providing a short 
wavelength “eut-off". iene 


: 4s @ result of studies. of reports regarding fire detecting 
systems and of discussions with personnel associated with the 
prs Agee Stacy ptr le ra rome, ema and use of fire detecting 

systems, we are left with the impression that most difficulties 

. dnvolving malfiiction of some systems arise not from the inherent 
characteristics of the detectors but from thaSe of the associated 

circuit elements and wiring. . : | ; 
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REOTLON Viti 


it ‘is vecummatiad that a fire detecting syste be Cerane pas 
with the folowing besiec Yequirewents, | 


The fire detecting system shail require the following two 
sherascteristics of a flame for the indication of & fire; one, 
the initial inerease in the radiant flux at o radietion receiver 
Viewing the interior of the natelle, and the other, the flicker 
of the £lewe thet follows the imitieal inerease., The eireuite 
shell be so interlocked that an indication of fire is given only 
when both ef the above cheracteristies occur in the oroper se- 
quence, The circuits hall a@leo be arrangec to give a warning 
signe. when ghly one of the cipeuits is actuated. 


- Phe syatem shall give an indication of a fire within 2 
weconis Of ite initial appearance. 


the fire detecting system shall Clear the fire signal end 
return to an operational cond. t Lon Within 3 seconds after the 
five ia completely extingu 


suitable provisions for checking the operation of the 
couplete eystem shall be provided. Yhie check shail be & positive 
one. . 


The fire detecting system shall not give false indications 
of Dire under any cireungtance, including exgosuve of receivers 
te gedient energy from engine parts sb temperatures renging from 
5 to #1290° # or from the sky. 
een the fire detecting aystem shall perform eatiufactorily when 
the radistion. receivers sre o2 
the range -65° to 500° F. 


The Lire detection system snail operate on 17 te 29 volts 
ie or 100 to 150 volts and 366 te 420 ene AC, or both. 


exposed to eubient temperatures in 


The fire detecting system shall detect a fire as small as 
that produced by burning gaucline in an open container 15 om in 
diemeter, at a ore ge ef 125 em from the receiver and at any 


peont ion such thet ali the flame is within an engle of 45° with 
tae ncrmal to the recoiver, ? 
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it is further recomnended thet, in the development of «a 


fire detecting system to comply with the above requirements, 
cousideration be given to the use of the following: 


Le 
ae 


3. 
be 
j oe 


Gircuit Conn 


smereonen aes tee receivers of the thermoelectric and the 


4&4 receiver envelope material with the thermal and optical 
properties of fused silica. 


Magae tic auplifiers ia lieu ef vacuum tube -auplifiers. 
ponents with the minimun of weight and volwne. 


Simplicity ia ee maintenance. 
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the fire detecting ayetem soeil e iahe the follawing 
two echuracterieties of « Flame for he adicatdon of a Tire, 
eae, the inbtiel iacrease ic the redient flux at a Facdistien 
weesiver viewing the iaterior of the souatle aad the other, 
te flicker of the flame that follows the initial iacresss. 
the cireaite shall be ao intericemsd thet en indication of 
fire io gives sly wom both of the above cheracterietics cocur 


ia the proper gequeace. The circulte shall algo be arranges 
ae waraisg seid wen only one af the clireaite is 


a. A pate aa ingication af a fire witais 2 
Oi SEF E1oOs 


ae Tire | aavdine eyeteu shell cleer the fire siguei 
aoé petura to an operational seadities withis 3 seconds after 
the fire is — ee 


se the operation of the 
tade greek ahall be a 


The fire detecting wyetem shall sot give faise Ladieatioas 
of fire wider say clrcwsstasees, incluciug exposure of the 
receivers te vadiant pepe 4 from engise parte at temperatures 
faaging from «65° to *14ace or from the say. 


‘the fire detecting vii shell perfors satisfactorily 
“hen the radiation ag ag are exposed to aableat teaperatures 
ia the range : ta Boo 


Yne fire detection Pn err ghali operate oa 17 t» eG volts 
H20 pe AC, oF both. 


Be op 200 to 230 volte anc 356 t 


“pecifications Coatiaued 


THE NATIONAL BUREAU OF STANDARDS 


Functions and Activities 


The functions of the National Bureau of Standards are set forth in the Act of Congress, March 
3, 1901, as amended by Congress in Public Law 619, 1950. These include the development and 
maintenance of the national standards of measurement and the provision of means and methods 
for making measurements consistent with these standards; the determination of physical constants 
and properties of materials; the development of methods and instruments for testing materials, 
devices, and structures; advisory services to Government Agencies on scientific and technical 
problems; invention and development of devices to. serve special needs of the Government; and the 
development of standard practices, codes, and specifications. The work includes basic and applied 
research, development, engineering, instrumentation, testing, evaluation, calibration services, and 
various consultation and information services. A major portion of the Bureau’s work is performed 
for other Government Agencies, particularly the Department of Defense and the Atomic Energy 
Commission. The scope of activities is suggested by the listing of divisions and sections on the 


inside of the front cover. 
Reports and Publications 


The results of the Bureau’s work take the form of either actual equipment and devices or 
published papers and reports. Reports are issued to the sponsoring agency of a particular project 
or program. Published papers appear either in the Bureau’s own series of publications or in the 
journals of professional and scientific societies. The Bureau itself publishes three monthly peri- 
odicals, available from the Government Printing Office: The Journal of Research, which presents 
complete papers reporting technical investigations; the Technical News Bulletin, which presents 
summary and preliminary reports on work in progress; and Basic Radio Propagation Predictions, 
which provides data for determining the best frequencies to use for radio communications throughout 
the world. There are also five series of nonperiodical publications: The Applied Mathematics 
Series, Circulars, Handbooks, Building Materials and Structures Reports, and Miscellaneous 
Publications. 

Information on the Bureau’s publications can be found in NBS Circular 460, Publications of 
the National Bureau of Standards ($1.25) and its Supplement ($0.75), available from the Superin- 
tendent of Documents, Government Printing Office. Inquiries regarding the Bureau’s reports and 
publications should be addressed to the Office of Scientific Publications, National Bureau of 
Standards, Washington 25, D. C. 


